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A young polar bear (Ursus maritimus) on a piece of ice that 

is drifting in the Barents Sea, northeast of Svalbard, Norway. 
Polar bears depend on sea ice as a platform for hunting seals, 
but current melting and retreat of sea ice is increasingly forcing 
them onto land. A recent study has found polar bears to be 
evolutionarily older and genetically more distinct than was 
previously thought. See page 344. 
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REVIEW 


The State and Fate of Himalayan Glaciers 
T. Bolch et al. 


RESEARCH ARTICLE 


Oxidation of the Guanine Nucleotide 
Pool Underlies Cell Death by Bactericidal 
Antibiotics 

J. J. Foti et al. 

Several antibiotics kill bacteria by causing 
oxidative damage to guanine nucleotides, 
which then damage nucleic acids. 


REPORTS 


Interplay of Intra- and Intermolecular 
H-Bonding in a Progressively Solvated 
Macrocyclic Peptide 

N. S. Nagornova et al. 

The main conformational changes associated 
with the hydration of a peptide ring ensue 


upon the addition of just two water molecules. 


Enantioselective C-H Crotylation 

of Primary Alcohols via 
Hydrohydroxyalkylation of Butadiene 

J. R. Zbieg et al. 

A catalyst facilitates complex carbon-carbon 
bond formation using a bulk commodity 
feedstock compound. 


A Universal Method to Produce 
Low-Work Function Electrodes 

for Organic Electronics 

Y. Zhou et al. 

Air-stable, physisorbed polymers containing 
aliphatic amine groups can improve the 
efficiency of organic electronic devices. 

>> Perspective p. 302 


Dislocation Damping and Anisotropic 
Seismic Wave Attenuation in Earth’s 
Upper Mantle 

R. J. M. Farla et al. 

Stress built up from plate tectonic collisions 
dissipates at dislocations in mantle minerals. 


Dynamic Causes of the Relation Between 
Area and Age of the Ocean Floor 

N. Coltice et al. 

Numerical simulations show that the 
presence of continents influences 

the area of old sea floor. 


A Segmentation Clock with Two-Segment 
Periodicity in Insects 

A. F. Sarrazin et al. 

Oscillating gene expression, a key feature 

of vertebrate segmentation, is shown to occur 
during segmentation in beetles. 

>> Perspective p. 306 
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Synthetic Genetic Polymers Capable 
of Heredity and Evolution 

V. B. Pinheiro et al. 

Artificial polymers of nucleic acid—like 
subunits not found in nature can mimic 
the functions of DNA and RNA. 

>> News story p. 292; Perspective p. 307; 
Science Podcast 


Nuclear Genomic Sequences Reveal 
that Polar Bears Are an Old and Distinct 
Bear Lineage 

F. Hailer et al. 

Genomic analyses show that polar bears 

as a species are older and genetically 

more distinct than previously estimated. 


A Common Pesticide Decreases Foraging 

Success and Survival in Honey Bees 

M. Henry et al. 

Honey bees cannot find their way home after 
exposure to sublethal doses of a widely used 
insecticide. 


Neonicotinoid Pesticide Reduces Bumble 
Bee Colony Growth and Queen Production 
P. R. Whitehorn et al. 

Bumble bee colonies produce many 

fewer queens after exposure to a 

widely used insecticide. 


Recent Plant Diversity Changes 

on Europe's Mountain Summits 

H. Pauli et al. 

European mountaintop flower species 
richness is increasing on northern summits 
but decreasing on southern summits. 


A Yeast Prion, Mod5, Promotes Acquired 
Drug Resistance and Cell Survival Under 
Environmental Stress 

G. Suzuki et al. 

Conversion of a soluble prion protein 

to an aggregated state generates heritable 

resistance to antifungal drugs. 


When Are Two Heads Better than One 
and Why? 

A. Koriat 

Group decisions may reflect the confidence 
of individual choices rather than accuracy. 
>> Perspective p. 303; Science Podcast 


Structure of an Intermediate State in 
Protein Folding and Aggregation 

P. Neudecker et al. 

A folding intermediate of a protein SH3 
domain is prone to aggregation, which 
competes with native folding. 

>> Perspective p. 308 
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The Ancient Drug Salicylate Directly Activates 
AMP-Activated Protein Kinase 

S. A. Hawley et al. 

A possible molecular mechanism of action 

for a metabolite of aspirin is described. 
10.1126/science.1215327 


Don’t Look Back in Anger! Responsiveness 

to Missed Chances in Successful and 
Nonsuccessful Aging 

S. Brassen et al. 

Emotionally healthy older adults show a reduced 
responsiveness to regret when performing a 
sequential decision task. 
10.1126/science.1217516 


Strongly Interacting Rydberg Excitations 

of a Cold Atomic Gas 

Y¥. O. Dudin and A. Kuzmich 

Illumination of an ensemble of cold rubidium atoms 
ultimately leads to high-level excitation of just 

a single atom. 

10.1126/science.1217901 


The Active Site of Methanol Synthesis 

over Cu/ZnO/AI,03 Industrial Catalysts 

M. Behrens et al. 

Catalysis is favored by stepped copper nanoparticles 
decorated with zinc oxide, which promotes stronger 
intermediate binding. 

10.1126/science.1219831 
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D. C. Braun 

Full text at www.sciencemag.org/cgi/content/ 
full/336/6079/296-c 


Response to Comment on “Detection of 
Emerging Sunspot Regions in the Solar Interior” 
S. llonidis et al. 

Full text at www.sciencemag.org/cgi/content/ 
full/336/6079/296-d 
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Drugged Honeybees Do the Time Warp 
General anesthesia disrupts the insect’s 
circadian rhythm. 
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Unhappiness Is in the Eye of the Beholder 
Facial expressions not universal, as scientists 
once thought. 
http://scim.ag/Facial_Expressions 


Dangers of Chinese Medicine Brought to Light 
by DNA Studies 

Sequencing pinpoints origins and helps reveal 
unknown ingredients. 
http://scim.ag/Chinese_Medicine 
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E. Pain 

Spanish pharmacologist Amalia Lafuente has written 
a novel about the personal and professional conflicts 
faced by early-career researchers. 
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Tooling Up: You Will Never Be Appreciated 

D. Jensen 

Scientists and other professionals can increase their 
job satisfaction by kicking their addiction to praise. 
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The Signal Transduction Knowledge Environment 
17 April issue: http://scim.ag/ss041712 


EDITORIAL GUIDE: Focus Issue—Adding Math 
to the Signaling Toolkit 

W. Wong and J. F. Foley 

Computational approaches can reveal how cells 
interpret, process, and respond to signals. 


RESEARCH ARTICLE: Synthetic Signal Propagation 
Through Direct Cell-Cell Interaction 
M. Matsuda et al. 


PERSPECTIVE: Understanding Signaling Dynamics 
Through Synthesis 

A. L. Slusarczyk and R. Weiss 

An engineered system based on Notch and Delta 

in mammalian cultured cells recapitulates signal 
propagation, a phenomenon that occurs in 
development. 


RESEARCH ARTICLE: Quantifying Crosstalk Among 
Interferon-y, Interleukin-12, and Tumor Necrosis 
Factor Signaling Pathways Within a T,,1 Cell Model 
D. J. Klinke II et al. 

Combining experiments with mathematical modeling 
provides insights into the responses of T cells to 
cytokines. 


PERSPECTIVE: Unmasking Functional Motifs 
Within Disordered Regions of Proteins 

R. K. Das et al. 

The application of a computational approach 
to identify short linear motifs may enable the 
engineering of signaling networks. 


REVIEW: Computational Approaches for Analyzing 
Information Flow in Biological Networks 

B. Kholodenko et al. 

Signaling network construction and analysis provide 
insights into biology and medicine. 


PROTOCOL: A Systematic Approach for Analysis 
of Peptide Array Kinome Data 

Y. Li et al. 

A new method of analysis of kinome data takes 
account of the differences between peptide arrays 
and DNA microarrays. 


ST NETWATCH: Plant Metabolic Network (PMN) 

An integrated network of researchers and data provide 
plant metabolic pathway models. 

ST NETWATCH: Systems Biology Experiment 


Analysis Management System (SBEAMS) 
Integrate microarray and proteomics data with a 
database manager and analysis package. 
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FOCUS: The Power of One 

D. Louvard et al. 

A single mouse Lgr5-positive colon stem cell can be 
expanded into a 3D organoid that, after transplant, 
contributes to the repair of injured colon epithelia in 
a mouse model of colitis. 


RESEARCH ARTICLE: Dendrimer-Based Postnatal 
Therapy for Neuroinflammation and Cerebral 


Palsy in a Rabbit Model 
S. Kannan et al. 


FOCUS: A Baby Step for Nano 

S. Tan 

A dendrimer-drug conjugate attenuates 
neuroinflammation and improves motor function 
in a rabbit model of cerebral palsy. 

>> News story p. 286 


RESEARCH ARTICLE: Patient-Specific Induced 
Pluripotent Stem Cells as a Model for Familial 
Dilated Cardiomyopathy 

N. Sun et al. 

Cardiomyocytes derived from iPS cells from patients 
with familial dilated cardiomyopathy can be used to 
model this disease. 


RESEARCH ARTICLE: Targeted Delivery 

of PLK1-siRNA by ScFv Suppresses Her2+* 
Breast Cancer Growth and Metastasis 

¥. Yao et al. 

Antibody-mediated delivery of anticancer small 
interfering RNAs suppresses Her2* breast cancer 
growth and metastasis. 
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Free Weekly Show 


On the 20 April Science Podcast: synthetic genetics, 
confidence in decision-making, California’s citrus 
crisis, and more. 
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Going More Slowly 


Himalayan glaciers sometimes are called the 
“Third Pole” because of the amount of snow 
and ice they contain. Despite their importance 
as a global water reservoir and their essen- 
tial role in Asian hydrology, how their mass 

is changing in response to global warming is 
not well known. Bolch et al. (p. 310) review 
the contemporary evolution of glaciers in the 
Himalayan region, including those of the less 
well sampled region of the Karakoram to the 
Northwest, in order to provide a current, com- 
prehensive picture of how they are changing. 
Most Himalayan glaciers are retreating at rates 
comparable to glaciers elsewhere in the world. 
In the Karakorum, on the other hand, advanc- 
ing glaciers are more common. 


Unnatural Bases 


The genetic basis of all life on the planet is 
comprised of deoxyribonucleic acid (DNA) with 
four nitrogenous nucleotide bases, abbreviated 
to A, G, C, and T. But there are variations on 
this theme, and Pinheiro et al. (p. 341; see 
the Perspective by Joyce) describe the directed 
evolution of unnatural nucleic acid—like genetic 
polymers. Variant enzymes were developed that 
efficiently transcribed DNA to anhydrohexitol 
(HNA), cyclohexenyl (CeNA), locked (LNA), 

and threofuranosyl (TNA) nuceic acid analogs. 
Further variant enzymes were developed to 
reverse-transcribe these analogs back to DNA. 
Thus, man-made nucleic acid analogs can be 
designed and selected that have the potential 


<< Tic-Toc 
Segmentation Clock 


Molecular oscillators are an essential 
component of vertebrate segmentation, 
but whether they exist in segmented 
animals in general has been controver- 
sial for almost a decade. Sarrazin et al. 
(p. 338, published online 8 March; see 
the Perspective by Roth and Panfilio) 
demonstrate the existence of a seg- 
mentation clock in the growth zone of 
insects. Microsurgical manipulation and 
embryo culture revealed cyclic expres- 
sion of the segmentation gene Ic-odd in 
the beetle Tribolium castaneum, which 
suggests that segmentation clocks are a 
widely shared mechanism that mediates 
animal segmentation. 


to operate in a way analogous to the natural 
process of heredity and evolution. 


Old Plates and the Sea 


Estimates for the area and age of the ocean floor 
are at odds with assumptions for mantle convec- 
tion, which imply that an older sea floor—rather 
than a new one—would be preferentially sub- 
ducted over time. Previous efforts to explain these 
relationships have been 
based on geologic 
evidence and 
simple models. 
Coltice et al. 

(p. 335) cre- 

ated numerical 
three-dimensional 
convection models 
representing more realistic physical boundaries, 
including a spherical Earth, the existence of conti- 
nents and supercontinents over time, and realistic 
rheologies. A combination of continents and 
plate-like behavior of the ocean floor sufficed to 
produce the observed relationship between plate 
area and plate age, which explains why some old 
oceanic crust still remains. 


A Specific Oxidative 
Catastrophe 


Three different classes of antibiotics induce 
bacterial cell death by the production of hy- 
droxyl radicals. Hydroxyl radicals are powerful 
oxidizing agents in living cells and will oxidize 


the nucleic acid base, guanine, to form 8-oxo- 
guanine, which is potentially mutagenic because 
it can pair with both cytosine and adenine and 
form lethal double-strand DNA breaks. Foti et 
al. (p. 315) discovered that overproduction of 
the nucleotide sanitizer MutT, which hydrolyzes 
8-oxo-dGTP to 8-oxo-dGMP, gives striking pro- 
tection against cell death. 


Bonded at the Source 


Asymmetric catalysis is a relatively mature 
field in the laboratory, with a diverse array of 
techniques available for the selective trans- 
formation of organic compounds. However, 
scaling up these techniques for industrial ap- 
plication remains challenging, in part because 
many catalysts act best on reagents that have 
been expensively modified, although this 
process often generates copious waste. Zbieg 
et al. (p. 324, published online 22 March) 
combat this challenge with a ruthenium-based 
catalyst that couples an unmodified bulk com- 
modity feedstock (butadiene) with alcohols, 
forming carbon-carbon bonds to generate 
complex products with high selectivity. 


Hydrated in a Hurry 


Water has a major influence on the conformation 
of proteins and related biomolecules. However, so 
many water molecules participate in the hydro- 
gen bonding networks that it can be difficult to 
pinpoint which specific interactions play the 
biggest role. Nagornova et al. (p. 320) 
sought to answer this question for the 

case of a 10—amino acid ring— 

the antibiotic compound Gramicidin 

S—by probing the conformational 
impact of successive additions of one 
to 50 water molecules to the naked gas- 

phase structure. The primary changes in the 

overall ring geometry came from the addition of 
just the first two waters. 


A Sturdy Electrode Coating 


To operate efficiently, organic devices—such as 
light-emitting diodes—require electrodes that 
emit or take up electrons at low applied voltages 
(that is, have low work functions). Often these 
electrodes are metals, such as calcium, that are 
not stable in air or water vapor and have to be 
protected from environmental damage. Zhou et 
al. (p. 327; see the Perspective by Helander) 
report that a coating polymer containing aliphatic 
amine groups can lower the work functions of 
various types of electrodes by up to 1.7 electron 
volts and can be used in a variety of devices. 
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This Week in Science 


Ancient Bears 


Polar bears are well known for adapting to their cold Arctic climate. Some recent studies, based on 
mitochondrial DNA, concluded that they are a relatively young species and that these adaptations 
occurred quite quickly. Although mitochondrial DNA is regularly used to estimate evolutionary history, 
it has some well-known drawbacks, including sex-biased dispersal and hybridization. Thus, Hailer 

et al. (p. 344) looked at neutral genetic data that are distributed more widely across the genome of 

a relatively large sample of polar, brown, and black bears. Consistent with fossil-based studies, the 
analysis reveals polar bears as a sister lineage to all brown bears, with an estimated divergence time 
of 300,000 to 900,000 years ago. Thus, polar bears are indeed of a more ancient lineage, and more 
recent estimates based on mitochondrial DNA are likely to have been affected by past hybridization 
with brown bear. 


Protein Tipping Point 


Amyloid fibrils are insoluble protein aggregates that play a role in various 
degenerative diseases. Recent experiments have provided insight into fi- 
brillar structures; however, the mechanisms of aggregation remain unclear. 
Neudecker et al. (p. 362; see the Perspective by Eliezer) report the struc- 
ture of a transient folding intermediate in a protein SH3 domain known to 
undergo aggregation. The intermediate is stabilized by non-native interac- 
tions and exposes an aggregation-prone B strand. Thus, for this protein, 
folding from the intermediate state will compete with aggregation. 


Bad News for Bees 


Neonicotinoid insecticides were introduced in the early 1990s and have become one of the most widely 
used crop pesticides in the world. These compounds act on the insect central nervous system, and they 
have been shown to be persistent in the environment and in plant tissues. Recently, there have been 
controversial connections made between neonicotinoids and pollinator deaths, but the mechanisms 
underlying these potential deaths have remained unknown. Whitehorn et al. (p. 351, published 
online 29 March) exposed developing colonies of bumble bees to low levels of the neonicotinoid imida- 
cloprid and then released them to forage under natural conditions. Treated colonies displayed reduced 
colony growth and less reproductive success, and they produced significantly fewer queens to found 
subsequent generations. Henry et al. (p. 348, published online 29 March) documented the effects of 
low-dose, nonlethal intoxication of another widely used neonicotinoid, thiamethoxam, on wild foraging 
honey bees. Radio-frequency identification tags were used to determine navigation success of treated 
foragers, which suggested that their homing success was much reduced relative to untreated foragers. 


Thoroughly MODern Yeast 


It is not clear if prion induction in yeast is truly linked to physiological roles. Suzuki et al. (p. 355) 
show that the yeast prion protein Mod5 (a transfer RNA isopentenyltransferase) responds to an 
environmental stressor by converting to an aggregated amyloid form, which leads to phenotypic 
changes in cell metabolism and drug resistance. Introduction of Mod5 amyloid into yeast resulted in 
the formation of a dominantly heritable prion state [MOD*], in which Mod5 is aggregated. [MOD*] 
yeast showed high ergosterol levels and acquired resistance to several antifungal agents. Selective 
pressure by antifungal drugs on nonprion [mod] yeast induced the [MOD*] prion state, formation of 
amyloid, and increased cell survival. 


Joint Decisions 


In many instances, decisions made by relatively homogeneous groups (two or more people) coalesce 
around the choice that people are most confident in, and this in turn stems from the sampling of 
representations that individuals perform when making their choices. Koriat (p. 360; see the Perspec- 
tive by Hertwig) found that if most of the group members are able to form accurate judgments, then 
confidence and accuracy coincide and the consensus choice is the correct one. By contrast, if few 
people know the right answer, then heterogeneity in people's representations appeared to offer a 
surer path to accuracy. 
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EDITORIAL 


Standards for Postdoc Training 


POSTDOCTORAL (POSTDOC) TRAINING HAS BECOME VIRTUALLY INSTITUTIONALIZED IN MANY PARTS 
of the world as a discrete stage in the career progression in most science and engineer- 
ing fields. However, there is far too much variability in what such training involves, across 
institutions and among the laboratories within them. Given its importance and pervasive- 
ness—there are over 50,000 postdocs in the United States alone—we need to establish and 
enforce standards, norms, and expectations for mentors, mentees, and their institutions that 
are analogous to those for undergraduate and graduate education. 

The original rationale for postdoc training was to acquire additional skills that were not 
included in one’s graduate program. That motivation has persisted, but an extended post- 
doc period has also become a way to establish one’s credentials, or a source of temporary 
employment when regular jobs are scarce. In many fields it is almost impossible to get a per- 
manent job directly out of graduate school, and it is not unusual for 
researchers in some fields to have had two or more postdoc experi- 
ences. In addition, postdocs have become nearly indispensable mem- 
bers of many research groups, because they provide novel ideas and 
do much of the hands-on experimentation. 

The U.S. National Academies’ Committee on Science, Engineering, 
and Public Policy (COSEPUP) did an in-depth analysis of the postdoc 
experience in 2000* and is revisiting the issues with another study com- 
mittee now. The 2000 report concluded that postdoc training is far too 
variable and recommended a set of remedial steps. Examples include 
the development of distinct goals, policies, and standards for postdoc 
experiences; institutional recognition, status, and compensation in 
keeping with the important roles postdocs play in the research enter- 
prise; and career guidance to prepare postdocs for regular employment. 

Unfortunately, none of these recommendations has been imple- 
mented on a broad scale. To convert them into reality requires oversight bodies both within 
and across research institutions that train postdocs. A critical COSEPUP recommendation was 
that every university should have a designated high-level office that oversees postdoc training 
across the entire institution. Although some institutions have established such offices, many 
lack the standing and influence needed to enforce adherence to standards and policies, and 
therefore the nature of postdoc training remains idiosyncratic from laboratory to laboratory. 

Another barrier to implementing these recommendations is the absence of national bod- 
ies that support the institutional officials responsible for postdoc training, collecting data 
important for decision-making and articulating standards and best practices. In the United 
States, the Council of Graduate Schools (CGS) represents graduate school deans and serves 
these functions for graduation education. The National Postdoctoral Association (NPA) was 
founded by a small number of postdoc trainees in 2003 with the goal of improving the qual- 
ity and consistency of U.S. postdoc experiences. The NPA now has about 171 institutional 
members, but, in contrast to the CGS, it lacks the full senior-level membership and official 
standing needed to foster consistency and standards across all institutions. 

Every institution that trains postdocs should have a high-level office responsible for ensur- 
ing the quality and consistency of its training programs. And all such institutions should join 
together and either strengthen the NPA or form an alternative organization that will have the 
standing to recommend in detail best practices and standards and offer technical assistance to 
its institutional members. For any such efforts to succeed requires the full endorsement and par- 
ticipation of all elements of the scientific community—faculty, students, administrators, and 
funders. Today’s postdocs are the future of the science and engineering enterprise. Let’s commit 
to ensuring that all of them get the quality postdoc experiences they need and deserve. 

— Alan |. Leshner 


10.1126/science.1222476 


*www.nap.edu/catalog.php?record_id=9831. 
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Exons Encode Enhancers 


Transcription factor binding to enhancer 
elements is critical for proper gene regula- 
tion. Enhancers are often found in noncod- 
ing sequences in close proximity to the gene 
that they regulate and sometimes even on 
another chromosome; however, whether they 
are also found in exons, the coding regions 
of DNA, is unclear. Birnbaum et al. analyzed 
25 mouse and human enhancer-associated 
ChIP-seq data sets in order to identify en- 
hancer peaks that overlap exons and found 
regulatory transcription factor binding to 
exonic regions. In fact, in mice, roughly 7% 
of enhancer peaks overlapped coding exons. 
Mutation of these elements in zebrafish and 
mouse enhancer assays showed that although 
exonic sequences are necessary, they are not 
sufficient for full enhancer function. Absence 
of an exon-encoded enhancer, however, did 
have functional consequences. Thus, exonic 
sequences may function in the regulation of 
nearby genes. Moreover, phenotypes seen in 
genetic knockout animals may be the result of 
not only the lack of expression of the deleted 
gene but also alterations in the expression of 
genes that are regulated by enhancers in the 
deleted exons. — BAP 

Genome Res. 22, 10.1101/ 

gr.133546.111 (2012). 


The Sun's Push 


Unraveling the influence of the Sun on Earth's 
climate depends on having accurate chronologies 
of the variability of both climate and solar activ- 
ity. Cosmic rays produced by stellar explosions 
interact with elements in the atmo- 

sphere and on the land to 

make the radionuclides “C 

and ?°Be, both of which 
can be measured in 
order to construct a 
record of their fluxes 
at Earth’s surface. 

That record, in turn, 
can be reinterpreted 

as a chronicle of solar 
activity, because the mag- 
netic field of the Sun helps to 
control the intensity of cosmic rays 
that penetrate to Earth’s surface. Steinhilber et 


al. present a high-resolution *°Be data set derived 
from an Antarctic ice core and combine it with ex- 


isting *°Be and “C records, as well as data from a 


Toxic Lichens 


Fungi and green algae can form symbioses called lichens—several involve cyanobacteria as 
the photosynthetic accessory. Nostoc, a filamentous cyanobacterium, is a common partner 
forming what are known as cyanolichens. Unfortunately, Nostoc, in common with freshwater 
bloom-forming cyanobacteria, can produce cyclic peptide toxins such as microcystins and 
nodularins, which target mammalian phosphatases and may be carcinogens. Kaasalainen et 
al. have discovered that many cyanolichens contain these toxins too, and have detected over 
50 chemical variants of microcystins. The signature gene is mcyE, whose product is required 
for the synthesis of a variant amino acid; the bond between this amino acid and p-glutamate is 
essential for microcystin toxicity. But mcyE does not seem to be affected by the horizontal gene 
transfer that is rife among the cyanobacteria, and this amino acid is a constant in the otherwise 
variable peptide sequence of the toxin. So lichens with identical mcyE can have very different 
microcystin compositions. Being trapped in a relationship with a fungus tends to lead to local 
population bottlenecks, which may have been instrumental in the evolution of this surprising 
diversity of toxins. — CA 

Proc. Natl. Acad. Sci. U.S.A. 109, 10.1073/pnas.1200279109 (2012). 


Chinese stalagmite, to provide a 9400-year-long 
history of solar activity, in order to determine the 
solar imprint on the Asian monsoon during that 
interval. Whereas solar forcing generally drives 
the monsoon, periods during which the two show 
little coherence indicate that other factors, such 
as volcanoes and greenhouse gases, also are 
important. — HJS 
Proc. Natl. Acad. Sci. U.S.A. 109, 
10.1073/pnas.1118965109 (2012). 


! A Clean Sense 


A primary goal in designing bet- 
ter sensors is to find ways to enhance 
sensitivity without sacrificing selectivity. 
Nanoscale materials such as carbon nanotubes 
should offer an easy route to better sensitivity 
because of their exceptionally high surface area— 
to—volume ratio and because their electronic 
properties are strongly affected by changes 
in their local environment. Thus, it should be 


possible to measure exposure to gases that bind 
to the nanotube surface through changes in 
electrical conductivity. However, the nanotube 
surface can easily be altered by low levels of 
contaminants or by incomplete recovery after an 
initial sensing cycle, thus changing the electronic 
properties in an undesired way. Chen et al. show 
that continuous illumination of single-walled 
carbon nanotubes by ultraviolet (UV) light leads 
to a cleaning of the nanotube surface. Detection 
of dry gases such as NO in an air stream was 
enhanced, but active sensor material degraded 
because of the formation of ozone. Detection of 
NO, and NH; in a nitrogen stream reached limits 
of a few parts per trillion (ppt), and for NO a 
sub-ppt amount was observed—an improvement 
of two to three orders of magnitude over other 
nanoscale devices. The UV light is also respon- 
sible for removing the detected gases from the 
nanotube surface, which enhances the rate at 
which the sensors can be cycled, but at the risk 
of increasing the detection limits. — MSL 

Sci. Rep. 2, 10.1038/srep00343 (2012). 
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Beijing 1 
A New Uproar Over Chinese 
Tobacco Research 

A tobacco research project nominated for 
China’s 2012 National Science and Technol- 
ogy Progress Award has produced an uproar 
among China’s scientific community. 

The project, titled “Formulation and 
Application of a Theoretical System for Chi- 
nese Cigarettes,” was nominated by the State 
Tobacco Monopoly Administration. The 
cited achievements include improving qual- 
ity and marketability of Chinese cigarettes 
and new sales revenue of about $27.5 billion 
over the last 3 years. 

Yang Gonghuan, a professor at Peking 
Union Medical College’s School of Basic 
Medicine, published an open letter to sci- 


ence minister Wan Gang on 3 April calling 
on the Ministry of Science and Technol- 
ogy (MOST) to ban tobacco research from 
being considered for national science 
awards. Editors at China’s foremost science 
Web site and blog, ScienceNet.cn, began 
collecting signatures on 8 April from read- 
ers opposed to cigarette research’s consider- 
ation for a science award. 


Tobacco research has garnered increased 
criticism in China: Last year, researchers 
protested the election of tobacco scientist 
Xie Jianping to the prestigious Chinese 
Academy of Engineering. Xie’s low-tar 
research had received the National Science 
and Technology Progress Second Prize 
three times: in 2003, 2004, and 2010. 
http://scim.ag/Chinatobacco 


Zagreb 2 
Director of Key Croatian 


Research Center Ousted 


The head of one of Croatia’s most impor- 
tant natural sciences institutes has lost her 
job. The official reason for the dismissal of 
Danica Ramljak, a medical researcher who 
took the helm of the Ruder BoSkovic Insti- 
tute (IRB) in Zagreb in 2009, is that she does 
not qualify as a “research associate/fellow” 
under Croatian law. 

Ramljak, however, claims she’s being 
punished for revealing corruption at the insti- 
tute. She says that after she took over, she 
discovered several “large financial embezzle- 
ments” in past projects. At her invitation, 
police and Croatia’s state attorney started 
an investigation at the institute in 2010, 
which was already under investigation by the 
Ministry of Finance’s tax administration. In 
December 2011, a report by the tax adminis- 
tration concluded that IRB had failed to pay 
around $1.3 million in taxes as a result of var- 
ious illegal activities by its scientists in 2008. 

Croatia’s science minister, Zeljko 
Jovanovic, says he appointed a new man- 
agement council in February to bring “‘sta- 
bilization” to the institute, and supported 
the conclusion that Ramljak did not meet 
formal requirements to head the institute in 
an 8 March letter to the council. 
http://scim.ag/Ramljak 


Ribbon seal 


Bering and Okhotsk Seas 3 
Monitoring Seals From On High 


Last week, a group of scientists boarded 
equipment-laden airplanes, braved freez- 
ing temperatures, and began a massive 
accounting of seals in the Arctic. The proj- 
ect, which includes American and Russian 
scientists, is a 2-year effort aimed at under- 
standing ice-associated seal populations in 
the Bering and Okhotsk seas. 

Bearded (Erignathus barbatus), ringed 
(Phoca hispida), spotted (P largha), and 
ribbon seals (Histriophoca fasciata) use 
springtime on the ice to give birth, mate, or 
molt—which makes it an ideal time to count 
them. The team plans to use a combination 
of thermal imaging and digital photographs 
to conduct their census. 

“It’s pretty widely anticipated that [the 
seals’] habitat will change over the next 
decade to centuries,” says project leader and 
marine mammalogist Peter Boveng of the 
National Oceanic and Atmospheric Admin- 
istration in Seattle, Washington. And get- 
ting a good handle on their population sizes 
is essential to any potential conservation 
efforts, he adds. 


NOTED 


>For the second year in a row, Thom- 
son Reuters named Eric Lander of the 
Broad Institute in Cambridge, Massa- 
chusetts, the year’s most influential 
researcher. With 14 often-cited “hot 
papers,” Lander topped the list of 15 
Hottest Researchers of 2011. Genetics 
is also on fire, according to the report: It 
was the primary field of study for seven 
of the 15 researchers. 
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Washington, D.C. 4 
New Biodefense Lab in Limbo 


The United States faces a stark choice 
between funding a new state-of-the-art 
laboratory for agricultural biodefense and 
paying for ongoing research on the topic, 
according to the government’s top biosecu- 
rity research official. 

“We are hard up against it now; you can’t 
do research without modern facilities, but 
the money for modern facilities comes out of 
the same piggy bank that pays for research,” 
Tara O’ Toole, head of the Department of 
Homeland Security’s (DHS’s) Science and 
Technology Directorate, told a new study 
panel of the U.S. National Academies’ 
National Research Council (NRC) on 
13 April. DHS has asked the panel to exam- 
ine plans for the proposed National Bio and 
Agro-Defense Facility (NBAF) in Manhat- 
tan, Kansas, which could cost $1 billion 
and is supposed to replace the aging Plum 
Island Animal Disease Center in New 
York. But funding issues and opposition to 
NBAF (Science, 24 February, p. 903) have 
prompted the Obama Administration to 
consider canceling or scaling back the labo- 
ratory. The NRC panel expects to release its 
recommendations by the end of June. 
http://scim.ag/biodef 


Beijing 5 
Cleaning Up China’s Journals 


6 In what the Chinese press dubs a “war to 
2 protect academic honesty,” publishers of 
$ more than 1000 journals have pledged to 


w 


S root out plagiarism and falsified research. 


= The publishers, heads of journals under the 
3 China Association for Science and Tech- 
& nology, signed a pledge 10 April vowing to 
3 punish editors who misuse their positions or 
knowingly publish plagiarized papers. 
China’s General Administration of Press 
and Publication is intent on tidying up the 
bloated academic publishing industry 
= (Science, 21 October 2011, p. 301), and 
2 journal publishers may be feeling the heat. 
4 Problems reach beyond faked research to 
fake journals that turn out citations to pad 
scientists’ resumes. At some publications, 
2 the review process is just a matter of “going 
through the motions,” the newspaper China 
Science Daily quoted former Mechanics in 
Engineering editor Li Jiachun as saying. 
Others contend that punishing editors 
won’t solve a problem rooted in the severe 
& publish-or-perish mentality in China. Some 
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Counting Penguins From Space 


The hardest part of counting penguins isn’t getting them to hold still; it's getting to 
the remote places where they live, especially Antarctica. Satellite images to the rescue: 
On 13 April, researchers reported the results of the first satellite image—based com- 
prehensive study of penguins in PLoS ONE. 

To count the birds, the team enhanced the images with pansharpening, making it 
possible to distinguish between shadows, guano, and actual penguins. The team found 
twice as many emperor penguins (Aptenodytes forsteri) as were thought to exist— 
roughly 595,000. They also counted seven new colonies, bringing the total to 44. 

“This is a leap forward, but it doesn’t change the conservation concern [about] 
emperor penguins and many other species,” says penguin expert P. Dee Boersma of 
the University of Washington, Seattle. “Unfortunately, with climate warming and vari- 
ation, we are likely to be studying the decline of emperor penguins. Satellite mapping 
will allow scientists to determine where the declines are occurring and by how much.” 


Chinese institutions even pay scientists top 
dollar for publishing in journals with high 
impact factors. Says Meng Zhao, devel- 
opment editor at Neural Regeneration 
Research: “This is an ethical issue not just 
for the researchers, but for the whole aca- 
demic society.” 


NEWSMAKERS 
Three 0's 


During the 2011 Egyp- 
tian revolution, looters 
broke into the Museum 
of Egyptian Antiquities 
in Cairo and plundered 
storehouses at archae- 
ological sites such 
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as Saqqara. Last week, Mohamed Ismail 
Khaled, the Egyptian official in charge of 
foreign archaeological missions, spoke to a 
Yale University audience about the effects 
of the revolution. Science caught up with 
him there. 


Q: What challenges did you face during 
the revolution? 

We had many difficult times, beginning 
with what happened at the [Museum of 
Egyptian Antiquities]. The same wrong 
information was just multiplied by the 
media. People didn’t believe us when we 
said that only 54 pieces were stolen from 
the museum and that now only 29 are miss- 
ing. All the masterpieces relating to King 
Tut, thank God, they are back. >> 


281 


Downloaded from www.sciencemag.org on April 19, 2012 


aay namaemie Sp ccs Exiled Chinese Physicist BY TRE MUMEERS 
Q: Are all foreign archaeological missions ee 193 Number of papers 
back in the field again? Fang Lizhi Dies : . 
The only missions that left Egypt were Astrophysicist Fang Lizhi, who died at co-authored by disg raced anesthesi- 
from the Cairo area, and they left because 76 on 6 April, was a champion of freedom, ologist Yoshitaka Fujii that journals 
it was not safe. But missions in the Eastern | human rights, and democracy in China. may retract by 30 June. Fujii would 
and Western Desert, in Aswan, and inother | Fang began his hold the record for most retractions 
areas, they did not see the revolution. They | academic career : 
never stopped working. as a physics lec- by a single author. 
: ‘: turer in 1958 at 56 Number of coral species 
Q: Egypt's former minister of state for the University ; ‘ 
antiquities affairs, Zahi Hawass, cam- of Science and in U.S. waters that likely face 
paigned for the return of Egyptian artifacts, | Technology of extinction by 2100, according to a 
such as the Rosetta Stone, from foreign China (USTC) ) \ 16 April National Marine Fisheries 
museums. Is this still a priority? in Beijing, but ie ' Service review of 82 corals being a 
It is our cultural heritage. We will not leave his career was d Ws Hil? . i — 
the repatriation issues unsettled. But the interrupted by considered for protection under the a 
problem now is that the Ministry of State for | compulsory labor on farms and in a coal Endangered Species Act. o 
Antiquities is suffering from internal pro- mine during the Cultural Revolution. In a 
tests: people want jobs, increases in salaries. 1976, Fang resumed publishing academic fo 
You have to solve these problems first and papers, and was elected at age 44 to the in a bloody crackdown in June 1989. Fang = 
then think about the fight outside the country. | Chinese Academy of Sciences’s Division and his wife were eventually allowed to fo) 
of Mathematics and Physics in 1980. In leave China, and in 1992 Fang joined the = 
LIVE 1984, he was appointed vice president faculty at the University of Arizona in Tuc- = 
of USTC. son. He was elected a fellow of the Ameri- = 
Join us Thursday, 26 April, at 3 p.m. EDT Fang called for political reform dur- can Physical Society in 2010 for “his ® 
for a live chat on the continuing science ing the 1980s. In 1987, Deng Xiaoping, important work in cosmology and early- re 
versus security debate sparked by two China’s paramount leader, ordered Fang’s universe physics ... and his tireless, self- 2 
H5N1 avian influenza studies. removal as USTC vice president. The less, courageous and continuing advocacy . 
http://scim.ag/science-live government labeled Fang a “black hand” of human rights in China.” = 
behind student demonstrations that ended http://scim.ag/FangLizhi = 
5 
no) 
Random Sample 3 
fe) 
Not-So-Silly Putty for Potholes § 
Non-Newtonian fluids are the stars of high school science demonstrations: 8 


Poured or pulled slowly, a gooey batter of corn starch and water, for example, 
will flow like a liquid, but when subjected to high stress, such as being hit firmly 
or pulled sharply, it becomes stiff like a solid. Unlike Newtonian fluids, which 
maintain their fluid state regardless of disturbances, the viscosity, or resist- 
ance, of a non-Newtonian fluid changes in response to forces applied to it. Different non- 
Newtonian fluids—such as mayonnaise, ketchup, Silly Putty, and blood—all contain some 
sort of particle, and the interaction of those particles explains their behavior under stress. 

Those unusual physical properties gave a group of undergraduates at Case Western 
Reserve University in Cleveland, Ohio, an idea: Design a non-Newtonian fluid to fill potholes. 
“When there's no force being applied to it, it flows like a liquid does and fills in the holes,” 
says 21-year-old team member Curtis Obert, “but when it gets run over, it acts like a solid.” 

The team created a powdered mixture stored in waterproof bags designed to stand up 
to the salt and freezing conditions of a Midwest winter. City workers would add water and 
seal the bag. It’s less messy than packing potholes with asphalt, Obert says, and dropping 
the fluid-filled bags into potholes requires little training or experience. When the roads 
are repaired, the bags can be removed and reused. 

The students devised the idea as part of an engineering contest sponsored by French 
materials company Saint-Gobain—and took first prize this month. They plan to patent 
their invention, so they won't divulge their exact formulation, but they say it’s biodegrad- 
able and poses no danger to people or the environment. http://scim.ag/puttypotholes 
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AGRICULTURE 


Dread Citrus Disease Turns 
Up in California, Texas 


When the worst disease of citrus plants 
was detected in Florida in 2005, growers 
and researchers elsewhere in the country 
watched with trepidation. Citrus greening, 
also known as huanglongbing, turns fruit 
sour and kills trees within a few years. There 
is no cure. Transmitted by a tiny insect, the 
bacterial disease rapidly conquered Florida, 
doubling the cost of citrus production and 
raising questions about the future of the 
industry. Fred Gmitter of the University of 
Florida says, “The dilemma for Florida is: 
Where do we go from here?” 

Now citrus greening has turned up 
in California and Texas, the second- 
and third-largest citrus producers in the 
United States. “We’ve been 
waiting for this and search- 
ing for it,’ says Beth Grafton- 
Cardwell of the University of 
California, Riverside’s Lindcove 
Research and Extension Center 
in Exeter. She and other research- 
ers are hoping that rapid action— 
hunting for and destroying infected trees and 
battling the sap-sucking insect vector—can 
contain the disease, buying enough time to 
develop treatments or even resistant trees. 

Citrus greening afflicts most countries 
that grow the fruits. First seen in China at 
the end of the 19th century, it has become 
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endemic in many parts of Asia, Africa, and 
Latin America, disrupting citrus production. 
The 4-mm-long psyllids, which are related 
to aphids and whiteflies, transmit the bac- 
terium Candidatus Liberibacter between 
trees when they feed on new leaves. Sev- 
eral months to 2 years later, as the bacte- 
rium damages the vascular system, leaves 
start to turn yellow (Science, 28 April 2006, 
p. 523). Trees are infectious even before they 
show symptoms, which makes it hard to halt 
the disease’s spread. So far, only Brazil, the 
world’s largest producer of citrus, has suc- 
ceeded, thanks to intensive surveillance, 
relentless removal of sick trees, and aggres- 
sive insecticide spraying. 

The Asian citrus psyllid 
turned up in Florida in 1998. 
Even though it was known to 
be the vector for citrus green- 
ing, growers were not very con- 
cerned. “We got caught with our 
eyes closed,” Gmitter says. The 
psyllid soon reached most of the 
citrus-growing counties in the state, hitch- 
hiking on orange jasmine, an ornamental 
plant used in landscaping. By the time cit- 
rus greening was detected in Miami-Dade 
County in 2005, it was already too late to 
stop the disease. Plant pathologists in Texas 
and California immediately took action, 
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Vigilant. State inspectors in California collect psyl- 
lids (inset) from a kumquat tree near where they 
detected citrus greening disease. 


educating the public about the dangers of 
moving fruit trees, for example. 

With the help of the U.S. Department of 
Agriculture (USDA), state inspectors also 
began monitoring for the 
psyllids. Plant patholo- 
gists suspect that the bac- 
terium first arrives when 
residents unwittingly 
bring back infected twigs 
from other states or coun- 
tries to graft onto their 
own trees. The psyllids 
probably arrive separately, on small plants or 
fruit. And when they do, they spread the dis- 
ease from tree to tree. It’s easier to test for the 
bacterium in psyllids than in leaves, because 
trees often don’t show symptoms at first. 

When the insects turned up in San Diego 
and Imperial counties in 2008, the Califor- 
nia Department of Food and Agriculture went 
yard by yard spraying insecticides, and also 
quarantined nurseries. Despite these efforts, 
Asian citrus psyllids have become established 
in Los Angeles County and in southern Texas. 
Since 2005, researchers in both California and 
Texas have tested tens of thousands of psyl- 
lids for the bacterium. They found a C. Liberi- 
bacter-positive psyllid in January in Texas, 
in a small orange grove near the border with 
Mexico, where the disease is rapidly spread- 
ing north. About 60 trees in that orchard and a 
nearby grapefruit grove have since been con- 
firmed infected. Some 20 trees have already 
been destroyed, with more culling planned, 
says John da Graca, who directs the Texas 
A&M University Kingsville Citrus Center in 
Weslaco: “The disease is here and everyone is 
taking it very seriously.” Late last month, Cali- 
fornia inspectors found an infected psyllid in 
Los Angeles County. They raced back to the 
neighborhood and found a diseased lemon- 
pomelo tree, which they have destroyed. “We 
fully expect to find more infected trees,” says 
Ted Batkin of the California Citrus Research 
Board in Visalia. “I get little sleep these days.” 

After these detections, both states have 
ramped up their monitoring. Researchers 
in California are releasing parasitoid wasps 
imported from Pakistan to help control the 
psyllids in urban areas, where widespread 
spraying isn’t feasible. “It’s not a silver bullet,” 
says Mark Hoddle of the University of Cal- 
ifornia, Riverside, who is leading the effort. 
Other experts put more stock in quarantines 
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and in monitoring and spraying commer- 
cial groves. “We’ve been successful in slow- 
ing down the whole process,” says Grafton- 
Cardwell. “We know we’re just buying time 
until a solution comes about.” 

Researchers are pursuing a variety of 
approaches to combat the disease. One is to 
treat infected trees with antibiotics. USDA’s 
Yongping Duan and colleagues reported in 
September that the combination of strepto- 
mycin and penicillin will eliminate the bac- 
terium, but the U.S. Food and Drug Adminis- 
tration is unlikely to allow the use of penicil- 
lin in plants. Last year, the Citrus Research 
and Development Foundation (CRDF) in 
Florida offered a cash prize for new antibiot- 
ics; now it is funding Duan and others to test 
more than 50 candidates. Other researchers 
are trying to develop “plantibodies” to fight 
the bacterium, to find RNAs that will pre- 
vent the psyllid from transmitting the bacte- 
rium, and to develop ways to repel psyllids 
from citrus trees. 

The ultimate hope is to create resistant 
trees, which many groups are trying to do. 
Erik Mirkov of Texas A&M University’s 
AgriLife Research unit in Weslaco is the fur- 
thest along. He has added two genes from 
spinach that code for antimicrobial proteins 
into several types of citrus. After growing 
the transgenic trees for more than a year in 
a greenhouse with infected psyllids, Mirkov 
says he can’t detect the bacterium in the trees. 
Field testing in Florida should begin later this 
year, but regulatory approval for commercial 
release is years away. 

In the meantime, Florida growers are try- 
ing to make the best of the miserable situa- 
tion. Many have begun coordinating insec- 
ticide spraying to better control the psyllids. 
But most growers no longer remove infected 
trees for fear that they won’t have enough left 
to stay in business. Instead, they are trying to 
keep the trees productive as long as possible 
by applying extra fertilizer. David Hall of 
USDA is now testing whether this approach 
really works. The fundamental problem, how- 
ever, is that the sick trees will infect any new 
ones that are planted. 

Florida growers may have to move to a new 
type of agriculture in which they plant dense 
orchards and optimize the growth of young 
trees before citrus greening starts to damage 
the fruit. That may just keep citrus growing 
in Florida economical, says CRDF’s Harold 
Browning, who urges continued funding of 
research. “It’s difficult for an industry facing 
disaster to be patient,’ he says. Growers in the 
West have their fingers crossed that their dol- 
lars—and heightened vigilance—will pay off 
in time. —-ERIK STOKSTAD 


STEM CELLS 


Texas Medical Board Approves 
Rules for Controversial Treatment 


Last week, the Texas Medical Board signed 
off on what’s said to be the first state-level 
policy imposing oversight on experimental 
treatments using adult stem cells. The scien- 
tific community has mixed views on whether 
this is a good way to raise standards. 

Some experts say the rule will allow 
unscrupulous doctors to avoid U.S. Food 
and Drug Administration (FDA) reviews. 
“They’re acting as though there’s no fed- 
eral policy around stem cells,” says bio- 
ethicist Leigh Turner of the University of 
Minnesota, Twin Cities. But others say it’s a 
good-faith effort to bring 
oversight to controver- 
sial treatments that clinics 
around the world offer for 
diseases including arthri- 
tis and multiple sclerosis. 

Texas has become a 
flashpoint thanks in part 
to Governor Rick Perry, 
who last summer received 
treatment from a Hous- 
ton physician for a back 
injury that consisted of 
an injection of his own fat 
stem cells. Meanwhile, 
the company that pre- 
pared Perry’s cells, Cell- 
tex Therapeutics of Sugar 
Land, Texas, has come 
under fire for allegedly 
charging patients to bank 
their cells for experimental treatments. 

Perry asked the Texas Medical Board for 
a review; last summer it began drafting a 
rule governing physicians’ use of “investi- 
gational agents,” including stem cells. The 
final rule would require patients’ informed 
consent for stem cell treatments. The cells’ 
proposed use would also have to be part 
of a National Institutes of Health or FDA- 
approved protocol or study, or be approved 
by an ethics panel known as an Institutional 
Review Board (IRB). 

Critics say most stem cell treatments 
offered at clinics clearly fall under FDA’s 
purview. They note that stem cells are con- 
sidered a biologic drug if they are more than 
“minimally manipulated” (by expanding the 
cells in culture, for example) or are meant to 
perform a function different from their orig- 
inal one. The rule “opens up a lot of oppor- 
tunities for abuse or fairly lax regulation,” 


Case study. Governor Rick Perry asked 
for new rules after receiving therapy 
for back pain. 


says science policy expert Douglas Sipp of 
the RIKEN Center for Developmental Biol- 
ogy in Kobe, Japan. 

Turner, who testified before the Texas 
board last week, also warns that the pro- 
posed rule would permit review by pri- 
vate, for-profit IRBs, which he argues can 
be under financial pressure to approve pro- 
tocols. And stem cell researcher Irving 
Weissman of Stanford University in Palo 
Alto, California, told the Houston Chroni- 
cle that the draft rule is “a clever way around 
the FDA’s appropriate role overseeing clin- 
ical trials” and violates 
guidelines from the Inter- 
national Society for Stem 
Cell Research (ISSCR). 
However, ISSCR_ hasn’t 
taken a position. Its sci- 
ence director, Heather 
Rooke, says, “We’ve 
generally heard positive 
things about the intent” of 
the rule. 

Sean Morrison, an 
ISSCR member at the Uni- 
versity of Texas South- 
western Medical Center 
in Dallas, says the Texas 
board cannot require FDA 
oversight, noting that 
many legitimate U.S. clini- 
cal trials test treatments 
that don’t meet FDA’s defi- 
nition of a regulated product. But the draft 
rule wouldn’t stop FDA from stepping in, 
Morrison says, because “federal laws trump 
state laws.” 

Morrison does share concerns that the 
draft rule’s requirements for IRB review 
are “weak.” But he says the medical board 
“should be congratulated for trying to 
impede the proliferation of unproven stem 
cell therapies.” Texas, he says, “has done 
more to address this problem than most 
other states.” 

The medical board’s 10-to-4 vote, says 
Executive Director Mari Robinson, reflects 
a feeling that the FDA guidelines aren’t clear 
and that, given that some doctors are already 
offering stem cell treatments, the board felt 
that it needed “to create a safety setup.” She 
said the board expects to consider refine- 
ments to the rule at its June meeting. 

-JOCELYN KAISER 
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In the lime- 
light. Virologist 
Ron Fouchier 
(center) dis- 
cussed his paper 


on a popular 
Dutch talk show 
on 21 February. 


Will Dutch Allow ‘Export’ of Controversial Flu Study? 


AMSTERDAM, THE NETHERLANDS—He 
already defended the merits of his contro- 
versial HSN1 avian influenza study at meet- 
ings in Geneva, Washington, and London. 
Now, Dutch virologist Ron Fouchier will do 
the same at home. On 23 April, Fouchier will 
attend a meeting organized by the Ministry 
of Foreign A ffairs in The Hague, a 25-minute 
drive from his lab at Erasmus MC in Rot- 
terdam. That same evening, he’s booked 
for a 2-hour public debate at the 17th cen- 
tury canal-side mansion of the Netherlands 
Royal Academy of Arts and Sciences, here 
in the capital. 

The second meeting is expected to be well 
attended. But the first, held behind closed 
doors, will likely help decide the fate of 
Fouchier’s paper on how he made the H5N1 
virus transmissible in mammals. The Dutch 
government must decide if it will invoke 
export-control laws in a bid to prevent 
Fouchier from submitting a revised version of 
his paper to Science. 

Last month, in a surprising shift, the 
U.S. National Science Advisory Board for 
Biosecurity (NSABB) recommended that 
Fouchier’s study be published in full, along 
with a similar one by Yoshihiro Kawaoka of 
the University of Wisconsin, Madison, under 
review by Nature (Science, 6 April, p. 19). But 
the Dutch government still isn’t sure. It says 
Fouchier needs an export license to publish 
the sensitive paper, because it involves “dual- 
use” research that could be used for good or 
evil. Whether it will grant one will depend 
in part on the meeting, says a spokesperson 
for the Ministry of Economic Affairs, Agri- 
culture and Innovation. Among the 30-odd 
guests are Kawaoka and other scientists and 
officials from the United States, Japan, Indo- 
nesia, Vietnam, and the United Kingdom, as 
well as representatives from Science, Nature, 
and the World Health Organization (WHO). 

Even if the government releases the paper, 
the debate is likely to have wider ramifica- 


tions. Dutch parliamentarians have asked the 
government for stricter oversight of dual-use 
research, and health minister Edith Schippers 
has hinted she may support the creation of a 
European version of the NSABB. 

Reactions to Fouchier’s study in the Neth- 
erlands were relatively muted when news 
about it hit Dutch papers late last year. His 
lab’s proactive, open media strategy and 
efforts to keep officials at the relevant min- 
istries in the loop had “nipped the debate in 
the bud,’ Fouchier concluded. But the per- 
ception that Dutch officials hadn’t properly 
considered the study’s risks prompted criti- 
cism from members of the Dutch House of 
Representatives—especially after NSABB 
recommended last December that key details 
be redacted from Fouchier’s paper. “We 
couldn’t just ignore that opinion,” says Henk 
Jan Ormel, a House member representing the 
Christian Democratic Appeal party. 

But Ormel calls the government’s 
response—requiring that Fouchier apply 
for an export permit—“a bit artificial.” The 
demand is based on the government’s inter- 
pretation of a 2009 European Union regula- 
tion governing the export of sensitive technol- 
ogies and materials, including HSN1. Those 
rules exempt “basic scientific research,” 
which lawyers for Erasmus MC say includes 
Fouchier’s study. Fouchier didn’t apply for a 
permit when he first submitted the paper to 
Science; the government says that omission 
may have broken the law. 

Given NSABB’s reversal—which fol- 
lowed a similar recommendation to publish in 
February from an expert group assembled by 
WHO—some believe the Dutch government 
is unlikely to resist publication. “Because 
they based the export-control decision on 
[NSABB’s] recommendations, the expecta- 
tion is they will lift it,’ says NSABB acting 
chair Paul Keim. That’s not a foregone conclu- 
sion, the Dutch ministry spokesperson warns. 

The fracas has led to a broader debate 


about dual-use research in the Netherlands. 
Fouchier “did everything he had to do” accord- 
ing to A Code of Conduct on Biosecurity, 
adopted by the Royal Academy in 2007, 
says Lous van Vloten-Doting, who chaired 
the panel that wrote the code. But the case 
has made it clear that an NSABB-like panel, 
preferably at the European level, is needed to 
weigh the risks and benefits of such studies, 
Van Vloten-Doting says. Ormel says he plans 
to introduce a motion in the House that asks 
the government to help establish such a panel. 
Fouchier’s H5N1 study proposal was 
green-lighted in 2007 by the Netherlands 
Commission on Genetic Modification 
(COGEM), a government advisory panel. The 
COGEM review focused on lab biosafety, but 
part of its remit is to inform the government 
about emerging ethical debates. “In retro- 
spect, perhaps we should have looked at’ the 
study’s dual-use risks, says COGEM secre- 
tary Frank van der Wilk. “We missed it. ... We 
didn’t realize it would cause so much debate.” 
Fouchier is COGEM’s acting chair and chair 
of its Medical and Veterinary Aspects sub- 
committee, but he recused himself during the 
2007 review and had “no influence whatso- 
ever” on its outcome, Van der Wilk says. 
Meanwhile, one of the six NSABB mem- 
bers who still opposes full publication of 
Fouchier’s paper has strongly criticized the 
March meeting in which NSABB reached its 
new decision. The gathering was “designed to 
produce the outcome that occurred,’ and only 
“kicked the can down the road” in preventing 
future conflicts over potential dual-use studies, 
Michael Osterholm of the University of Min- 
nesota, Twin Cities, wrote in a letter to Amy 
Patterson, the National Institutes of Health 
official who oversees NSABB. Fouchier— 
who describes the last 6 months of debate as 
“a big pain”—declined to respond to Oster- 
holm’s letter, which was obtained by Science 
(http://scim.ag/flaw-fiv). 
—MARTIN ENSERINK 
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Nanoparticle Treatment Reverses Cerebral Palsy in Rabbits 


By the time a child is diagnosed with cere- 
bral palsy, typically around the age of 2, it’s 
too late to figure out exactly what caused the 
neurological damage. Cerebral palsy affects 
roughly three in 1000 babies, and a far greater 
percentage of those born prematurely. It can 
result from genetic causes, infection and 
ensuing inflammation, a disruption in the 
brain’s oxygen supply, or a combination of 
these. The injury to the brain happens before 
birth, but its impact persists for a lifetime, 
causing rigid muscles, a lack of coordination, 
and other permanent movement difficulties. 

Or maybe not so permanent. 
This week in Science Transla- 
tional Medicine (http://scim.ag/ 
SKannan), researchers describe a 
treatment that restores nearly nor- 
mal movement to rabbits with an 
induced form of cerebral palsy 
when given a few hours after birth. 
The therapy consists of an injec- 
tion of an anti-inflammatory drug 
bound to nanoparticles that ferry 
the drug into the brain and deliver 
it to specific cells. The treatment’s 
developers acknowledge it’s not 
ready for clinical trials in humans, 
but they and others say the find- 
ings raise the possibility of a pre- 
ventive treatment that could be 
given to high-risk infants soon 
after they’re born. 

“The big question is how late 
could you give that injection and 
still see an improvement in the 
outcome,” says Janice Brunstrom- 
Hernandez, a pediatric neurolo- 
gist specializing in cerebral palsy 
at Washington University in St. Louis in Mis- 
souri. In contrast to the current standard of 
care, which includes physical therapy and 
medications that improve mobility and reduce 
other symptoms, the new study suggests it 
may be possible to reduce the underlying 
brain damage, Brunstrom-Hernandez says: 
“We have to have more research like this.” 

While at Wayne State University in 
Detroit, Michigan, chemical engineer 
Rangaramanujam Kannan and his wife 
Sujatha Kannan, a pediatric critical care phy- 
sician, developed the new therapy, whose 
key ingredient is an anti-inflammatory and 
antioxidant drug called N-acetyl-L-cysteine 
(NAC). The drug is already used to prevent 
liver damage in people who overdose on the 
painkiller acetaminophen, and its neuropro- 


tective effects are being tested in clinical tri- 
als for conditions as diverse as autism and 
Alzheimer’s disease. The Kannans reasoned 
that NAC might also have potential for treat- 
ing cerebral palsy. 

They and colleagues, including Roberto 
Romero of the Eunice Kennedy Shriver 
National Institute of Child Health and Human 
Development in Detroit, first tested this idea 
by injecting NAC alone into rabbits with 
cerebral palsy—like symptoms. These ani- 
mals, whose mothers had been given a shot 
containing toxin from Escherichia coli bacte- 
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Brain defense. Drug-carrying nanoparticles (top right) injected into rabbits tar- 
get microglia and astrocytes in the brain and reduce symptoms of cerebral palsy. 


ria 3 days before giving birth, exhibit abnor- 
mally rigid muscles and movement problems 
similar to those of children with cerebral 
palsy. Unlike healthy rabbit kits, they could 
barely walk and were unable to hop. NAC 
alone had only a barely discernible effect on 
these symptoms, however. 

Rangaramanujam Kannan, who special- 
izes in nanomedicine, knew that drugs cou- 
pled to nanoparticles have shown promise in 
treating cancer and other disorders, because 
they help target the drug where it’s needed 
(see p. 292). So he chemically attached 
NAC to nanoparticles called dendrimers 
that branch out from the center to form tiny 
spheres. When given an injection of the den- 
drimer-coupled NAC a few hours after birth, 
kits with cerebral palsy showed improved 


Dendrimer-drug 
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muscle tone and were walking and hopping 
nearly as well as healthy animals within 
5 days, which is as long as the researchers fol- 
lowed them in this study. 

Exactly how the NAC-nanoparticle treat- 
ment works is not yet clear—the dendrimers 
alone don’t have any effect—but follow-up 
experiments by the Kannans and their col- 
leagues provide several clues. In rabbits with 
cerebral palsy, the nanoparticles seem to 
deliver their payload of NAC specifically to 
two types of cells in the brain: immune sys- 
tem cells called microglia, and multifunc- 
tional support cells called astro- 
cytes. The treatment decreased 
several molecular markers of 
potentially harmful inflammation 
and oxidative stress, decreased 
the loss of neurons, and improved 
myelination, the fatty insulation 
on neurons that’s essential for neu- 
ral signaling. 

“To my knowledge, this is 
the first demonstration that such 
a dendrimer-based approach is 
doable and efficient to protect 
the neonatal brain,” says Pierre 
Gressens, a child neurologist at 
the French biomedical research 
agency INSERM in Paris. It’s 
especially impressive, Gressens 
adds, that the nanoparticle treat- 
ment was effective at doses 100 
times lower than those tried with 
NAC alone. 

“This is on the threshold of 
something big,” says Sidhartha 
Tan, a neonatologist at North- 
Shore University HealthSystem 
in Evanston, Illinois. Tan notes that although 
some clinical trials with nanoparticle thera- 
pies are already under way, the particular type 
of dendrimers used in the new study has not 
yet been approved for human use. More work 
will be needed to establish that they are safe, 
he says. 

Other questions remain as well, says Zena 
Vexler, a neuroscientist who studies perinatal 
brain injury at the University of California, 
San Francisco. “The results are quite striking, 
but they need to follow up for much longer” to 
see if the benefits last longer than a few days 
and whether side effects develop, Vexler says. 
The Kannans, who have since moved to Johns 
Hopkins University in Baltimore, Maryland, 
say these experiments are already under way. 

-GREG MILLER 
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NEWSMAKER INTERVIEW: ROBERT GROVES 


Saving Money Essential for Next 
Census, Says Departing Director 


Sociologist Robert Groves interrupted his academic career 3 years ago to direct the Census 
Bureau on the eve of its massive decennial count. The largest peacetime mobilization in U.S. 
history—600,000 people knocking on 47 million doors from the Aleutians to Key West— 
was so successful that Democratic and Republican lawmakers alike expressed chagrin when 
Groves announced last week that he would be leaving the agency in August. 

“His tenure is proof that appointing good people makes a big difference,” said Represen- 
tative Darrell Issa (R-CA), chair of the House of Representatives committee that oversees 
the bureau. “He was just what the doctor ordered,” said Senator Tom Carper (D—DE), who 
leads the equivalent panel in the Senate. 

The 2010 census cost $13.1 billion, and doing it the same way in 2020 could require more 
than twice that amount. Such a budget is just not in the cards, however, so the next director 
will need to figure out how to conduct an accurate and comprehensive tally for much less. 

The Internet isn’t the answer, Groves says—although next year it will be one option on 
the agency’s ongoing American Community Survey (ACS) that has replaced the long-form 
census (Science, 9 April 2010, p. 158). A bigger step, he says, would be to mine existing 
government records, assuming the agency can clear technical, legal, and cultural hurdles. 

Groves, 63, will remain in Washington, D.C., to become provost of Georgetown Univer- 
sity. He says he’s returning to academia in part to tackle “the gigantic mismatch” between 
the vast quantities of statistical data available to politicians and how little is actually used to 
shape policy. 

Below are excerpts from a 13 April interview with Science. 

—JEFFREY MERVIS 


Q: What can the Census Bureau do to 
reduce the cost of the next census? 
R.G.: We did a test using the [community 
survey], in which some people got the 
normal, paper request and others got a 
letter inviting them to go online to fill out 
the questionnaire. At the end ofa month, 
the response rates of both groups were 
about the same. The Internet responses 
saved money, because you don’t have to 
process the paper forms, but all of the 
scientific studies around the world say 
that won’t solve the problem. 

So many countries have asked the 
question: “For this address, are there 
other data that have been supplied to 
other government agencies that might 
allow us to estimate who’s there?” In 
effect, it’s a mode of data collection that 
doesn’t require the active participation 
of the population. 

The amount of money that one can 
save is vast. But there are three issues. 


Robert Groves 


Do the existing records cover the U.S. well? 

Is it legal to make use of these records? And 
< third, what will people think about this? Will 
Z they say, “Thank God, you’ve finally gotten 
£ your act together”? Or will they say, “This is 
6 threatening to me”? 


ROSS 


Ee 


5 Q: Do you need congressional approval? 
5 R.G.: Article 1, Section 2, of the Constitu- 
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tion says that the census will be taken “in 
such manner as they [Congress] shall by law 
direct.” And we feel that an expression of 
congressional intent is important, because it 
would be a shift. 


Q: Last month, you testified at a House hear- 


ing on a bill to make ACS voluntary and said 
that such a change would raise the cost and 
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lower response rates. What's the next step? 
R.G.: My intent was to say that we needed to 
do some research to address questions that 
weren’t answered in a 2003 study before we 
could assure Congress on the impact, in terms 
of cost and quality, of making it voluntary. 
And I think what I promised is, if they wanted 
to pursue that research, I would be happy to 
lay out the projected cost and the nature of 
that research. 


Q: You've had very good relations with 
both sides of the aisle in Congress. What's 
your secret? 

R.G.: I must say, it’s one of the more surpris- 
ing developments following my announce- 
ment. I believe Congress does have the right 
to direct us in important ways. But I also felt 
the need to speak frankly when we had scien- 
tific results that were pertinent to something 
they wanted to do. I view my job as a scien- 
tific position, not a political position. 


Q: Would a fixed term, like the 6-year term 
given the National Science Foundation 
director, be a good idea? 

R.G.: I’m on record as saying that it would be 
useful. But rather than a fixed length, I favor 
a fixed term in time, beginning in year 2 and 
ending in year 7. That fits well with the peri- 
odicity of the census. 


Q: Why do you want to be a provost? 

R.G.: One thing I didn’t fully understand 
before I took this job is the gigantic mismatch 
between the production of really good sta- 
tistical information about what is going on 
and how decisions are made. For example, 
I’m much more aware of that mismatch with 
regard to decisions that are made affecting the 
U.S. economy and society. 


Q: Was that a disappointment to you? 

R.G.: Absolutely. I’ve devoted my life to 
trying to improve the quality of statistical 
information, and it is disappointing to see 
how little of that is used to make decisions. 
The second observation is how fundamen- 
tally data have changed. The Internet has 
reshuffled the deck of knowledge [to the 
point where] with a couple of keystrokes, 
we can become privy to what all disciplines 
know about any problem. 

So I concluded that the most important 
thing we have to do is to prepare universi- 
ties for that new world. That means restruc- 
turing curricula and research activities to 
take advantage of both opportunities, using 
knowledge for action and utilizing interdisci- 
plinary perspectives. That’s the kind of chal- 
lenge that motivated me. 
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YONGSHAN, CHINA—Among the hundreds 
of fish species that call the upper Yangtze 
River home is the largemouth bronze gud- 
geon. The species spawns in the rapids of 
this rocky waterway—also known as the Jin- 
sha River—which descends from the Tibetan 
Plateau through the mountains of western 
China. Its eggs and larvae are kept afloat by 
the swift current until they hatch and mature 
hundreds of kilometers downstream. “They 
have evolved to live in fast-flowing rivers,” 
says Cao Wenxuan, an ecologist at the Insti- 
tute of Hydrobiology at the Chinese Acad- 
emy of Sciences (CAS) in Wuhan. 

But with dozens of new dams planned 
for the Yangtze system, that habitat will 
soon change. Last month, preparatory work 
began on the controversial Xiaonanhai Dam, 
with more projects to follow. Within a few 
years, the Jinsha will slow to a sluggish pace 
and its temperature will drop as a series of 
large dams release cold bottom water from 


their reservoirs into the river. Along with 
other endemic fish species, the largemouth 
bronze gudgeon may spawn up to 3 months 
later, and soon after, its eggs and larvae may 
sink to the bottom and die from lack of oxy- 
gen. For species already threatened by the 
Three Gorges Dam downriver, Cao says, the 
new series of hydropower dams will “take 
away their last refuge.” 

Last year, the central government solid- 
ified plans to increase China’s reliance on 
non-fossil fuel energy from the 2010 level of 
8% to 15% of the energy mix by 2020. Nearly 
two-thirds of that target will come from 
hydropower—an increase on par with 
adding nearly one Three Gorges Dam a 
year. “The scale of hydropower develop- 
ment in China is simply off the charts,” 
says Edward Grumbine, an environmental 
policy researcher at CAS’s Kunming Insti- 
tute of Botany in Yunnan Province. Ecolo- 
gists say China’s hydropower push will 


threaten already-taxed ecosystems in the 
upper Yangtze. 

Central to the spurt of construction is a 
770-kilometer-long stretch of the lower Jin- 
sha River flowing through Sichuan and Yun- 
nan provinces. Last June, China announced 
an injection of $63.4 billion for hydropower in 
the region to cover four massive dams with a 
total capacity of 43,000 MW. “It’s worrying to 
see so many proposed large dams, one imme- 
diately after another,” says Zhang Xiaodong, 
deputy director of the China Earthquake Net- 
works Center in Beijing. 

In addition, three large dams are under 
construction and five are planned on the 
560-kilometer-long middle Jinsha, with 
more planned for the 960-kilometer-long 
upper reach. At a combined height of 
2 kilometers, the dams will convert “the 
rapidly flowing Jinsha River into a series 
of stepped lakes with few free-flowing sec- 
tions,” says Liao Wengeng, deputy director 
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of the National Research Center for Sustain- 
able Hydropower Development (NRCSHD) 
in Beijing. Also tagged for development are 
Yangtze tributaries such as the Yalong, Min, 
and Dahu rivers. 

As construction of the Three Gorges 
Dam got under way in the 1990s, ecolo- 
gists submitted petitions to the central 
government calling for an upstream reserve 
to protect fish populations. The result was 
the Upper Yangtze River Rare and Endemic 
Fish Reserve, a 500-kilometer-long 
protected stretch of river that includes 
350 kilometers of the Yangtze mainstream. 
The reserve became a critical habitat for 
some 190 fish species—including the criti- 
cally endangered paddlefish and the Yangtze 
sturgeon (Science, 1 August 2008, p. 628). 

In 2005, officials sliced off 150 kilo- 
meters of the upriver portion to make way 
for the Xiangjiaba and Xiluodu dams. Now 
the Xiaonanhai Dam will chip away at the 
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reserve even further. At a cost of $3.8 bil- 
lion, the dam is expected to generate 1750 
MW of electricity at its completion. Offi- 
cials in Chongqing, the municipality 
overseeing the project, say that it will alle- 
viate power shortages and boost the local 
economy. But it will also create a nearly 
100-kilometer-long reservoir in the heart of 
the upstream protected area. 

For years, ecologists have voiced fierce 
opposition against the Xiaonanhai Dam. But 
the battle was lost last December, when Chi- 
na’s State Council green-lighted Chongqing’s 
request to shrink the reserve. Road build- 
ing and other preparation began 29 March. 
Critics like Fan Xiao, chief engineer at the 
Sichuan Bureau of Geology and Mineral 
Resources in Chengdu, fear that Xiaonanhai 
will pave the way for two additional upstream 
dams proposed by Sichuan authorities in the 
reserve area. And that could mean the end 
for the paddlefish, the Yangtze sturgeon, and 
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< Building spree. The Longkaikou (top), Xiangjiaba 


(bottom), and Xiluodu (facing) dams are among a 
series of new dams threatening the upper Yangtze 
River ecosystem. 


other endemic fish: “The reserve would exist 
only in name,” he says. 


Geological minefield 

Driving on the narrow road clinging to a cliff 
above the Jinsha River is not for the faint- 
hearted. It circles mountains that have risen 
out of tens of millions of years of thrusting and 
folding of Earth’s crust, overlooking a steep 
valley carved by the roaring river. Scars left 
by recent landslides cut across facing slopes. 

Critics fear that China’s hydropower 
expansion will collide with this stark topog- 
raphy. Crisscrossed with active faults hun- 
dreds of kilometers long, the region is “much 
more geologically complex than the Three 
Gorges,” says geologist Guo Shunmin of the 
China Earthquake Administration’s Institute 
of Geology in Beijing. Earthquakes of mag- 
nitude 7 or 8 are not uncommon. “A lot of 
the reservoirs will have active faults beneath 
them,” he adds. 

Given that some evidence links con- 
struction of the Zipingpu Dam to the 2008 
Wenchuan earthquake (see sidebar, p. 291), 
“there should be studies on the effect of water 
impoundment on active faults beneath the 
[Jinsha area] reservoirs,” says Hu Xianming, 
a geophysicist at the Sichuan Seismological 
Bureau’s Institute of Reservoir-Induced Seis- 
micity Research in Chengdu. The current 
safety evaluation, however, involves only sur- 
veys to avoid building dams on active faults. 

Compounding the problem is the up to 
2 meters in precipitation the Jinsha region 
gets every year. In monsoon season, torren- 
tial rains can tear apart steep slopes. Massive 
landslides have blocked the Jinsha for days at 
a time in the past, says Yang Yong, director of 
the environmental group the Hengduanshan 
Society in Chengdu. 

Changes in water temperature will be 
stark as well. The 278-meter-high Xiluodu 
Dam will cool water temperature by an aver- 
age of 1.5°C for the months of March through 
September, according to the project’s envi- 
ronmental impact assessment (EIA). Deep 
reservoirs stratify water into layers of dif- 
ferent temperature, with the coldest near the 
bottom. Water from the cold bottom layer 
will be released downstream, Liao says. 
Most fish species spawn in April or May, 
when the water warms to 16°C to 18°C. After 
the four dams on the lower Jinsha are built, 
the EIA says, downstream portions of the 
river won’t reach such temperatures until 2 to 
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Evidence Mounts for Dam-Quake Link 


CHENGDU—Ever since the devastating magnitude-7.9 Wenchuan 
earthquake killed 80,000 people in 2008, Chinese hydrologists and geol- 
ogists have wrangled over whether the reservoir behind the 156-meter- 
high Zipingpu Dam may be to blame (Science, 5 March 2010, p. 1184). 
Today, as China embarks on a spurt of new hydropower development (see 
main text, p. 288), the debate is getting increasingly heated. Newly pub- 
lished studies present the strongest evidence yet for the link. 

Most scientists agree that the Wenchuan hypocenter, or depth of the 
initial rupture, is directly beneath the reservoir. But just how deep it lies is 
in dispute. The China Earthquake Networks Center (CENC) and geophysi- 
cist Liu Qiyuan of the China Earthquake Administration’s (CEA’s) Institute 
of Geology in Beijing calculate the hypocenter at 14 and 19 kilometers 
beneath the surface, respectively. At such depths, some scientists con- 
tend, water from the reservoir could not have reached the fault. 

Others point out that Liu and CENC based their calculations on seis- 
mic data from stations tens of kilometers from the epicenter. Using data 
from the Zipingpu seismic network, including one station almost directly 
above the hypocenter, Xu Xiwei, deputy director of CEA’s Institute of 
Geology, and colleagues reported last year in Seismology and Geology 
that the hypocenter is as shallow as 6 to 9 kilometers—within easy reach 
of water from the reservoir. 

Some scientists also point to numerical modeling studies looking at 
stress changes caused by the weight of the reservoir and water infiltra- 
tion. Xinglin Lei, a geophysicist at the Geological Survey of Japan in 
Tsukuba, concluded in a study published in the Journal of Asian Earth 
Sciences last year that the reservoir significantly impacted the Beichuan- 
Yinxiu fault, which runs along the reservoir, and increased the stress 
on the hypocenter of the Wenchuan Earthquake. That could hasten the 
occurrence of the earthquake by tens to hundreds of years, he argues. 
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Shemin Ge, a hydrogeologist at the University of Colorado, Boulder, 
and colleagues came to a similar conclusion using a different model in 
an earlier study. 

That finding was contradicted in 2010 studies by geophysicists Zhou 
Shiyong of Peking University in Beijing and Kalpana Gahalaut of the 
National Geophysical Research Institute in Hyderabad, India. But their 
results could be explained by the use of different numerical models and 
geometrical parameters for the faults, among other factors, says Jian Lin, 
a geophysicist at Woods Hole Oceanographic Institution in Massachu- 
setts, who is not involved with any of the studies. 

The strongest evidence for a Zipingpu-Wenchuan link may come 
from analyses by Xu’s team of nearly 1000 seismic events recorded 
by the Zipingpu seismic network between August 2004 and May 2008, 
before the Wenchuan quake. The researchers found three clusters of 
seismicity—all under magnitude 3.5—after the reservoir was filled 
with water in September 2005. One, the Shuimo swarm, occurred 
along the Beichuan-Yinxiu fault, where the researchers concluded it was 
induced by the reservoir. 

Despite the controversies, many Chinese geophysicists now agree 
that the reservoir may be connected to the Wenchuan earthquake. Even 
if the hypocenter lies 19 kilometers below the surface, Liu says, as his 
calculation shows, this doesn’t exclude the possibility that Zipingpu has- 
tened the quake because “small incremental stress changes due to the 
reservoir could rupture critically stressed faults—even without water 
reaching them.” 

The new studies highlight the need to consider reservoir-induced 
seismicity when building large dams in quake-prone regions, scientists 
say. With dozens of dams planned for the upper Yangtze, Ge says, “We 
need to assess whether the proposed reservoirs could significantly speed 
up the accumulation of stress and cause rock failures.” 


-J.Q. 


3 months later. That will “hamper fish repro- 
duction,” Liao says. He points to the Three 
Gorges Dam: With spawning delayed by over 
a month, downstream carp populations have 
been decimated. 

The problems brought on by that earlier 
dam are well documented. The river dolphin, 
or baiji, has been functionally extinct since 
2007, and ecologists fear that the finless por- 
poise, or jiangzhu, may soon follow it. 

Also of concern is silt accumulation: 
Sediment retention in the reservoir means 
the clearer downstream water can cut the 
riverbed deeper and lower water levels in 
lakes fed by the Yangtze. In January, Po- 
yang Lake, China’s largest freshwater lake, 
was hit by the worst drought in 6 decades: 
the water level dropped to a mere 8 meters, 
and much of the lake has become a plain 
of cracked mud. Such problems will snow- 
ball with “a cascade of upstream dams,” 
Liao says. 


A stacked deck 

Some hydrologists say that optimizing dam 
operation could alleviate problems with 
downstream water supply. But many are 
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unconvinced. With so many new dams, says 
Guo Qiaoyu, director of The Nature Con- 
servancy’s Yangtze River project, “it will be 
extremely difficult to ensure proper coor- 
dination between provinces and companies 
that operate the dams.” 

With the new hydropower boom, criti- 
cism of China’s EJA process is mounting. 
By law, dams cannot be constructed in 
nature reserves or their buffer zones. But 
the government is all too willing to redraw 
the boundaries to accommodate hydro- 
power projects, some say. The Xiaonanhai 
Dam in particular, Guo says, is “yet another 
example of the country’s disregard for 
the environment.” 

Critics say ELA committee members are 
often paid for their services by dam proj- 
ects and deliver favorable assessments in 
order to be invited back. “The EIA is just 
about friends evaluating each other’s proj- 
ects,” says Wang Mingna, a hydrologist at 
the Chinese Institute of Water Resources 
and Hydropower Research in Beijing. Sci- 
entists’ warnings “often fall on deaf ears,” 
adds ecologist Yang Junxing of CAS’s Kun- 
ming Institute of Zoology. 
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Adding bias to the schedule, ecolo- 
gists say, are rules that allow developers to 
start preparing for a proposed dam while 
project assessment is still under way. And 
EIAs are too narrow, examining projects in 
isolation, points out He Daming, an ecolo- 
gist at Yunnan University, Kunming. “Even 
if the impact of individual dams is accept- 
able,” he says, “the cumulative effects of 
stacking dams on top of one another could 
still be catastrophic.” 

The science ministry is funding re- 
search that takes additive impacts into 
account. The Ministry of Water Resources, 
meanwhile, may soon improve the EIA 
process, says Yu Xuezhong, chief engineer 
at the NRCSHD. 

But such measures may come too late for 
the upper Yangtze’s beleaguered fish spe- 
cies. Ecologists are scrambling to set aside 
small sanctuaries—in small tributaries near 
their current habitats, for example. The goal, 
Cao says, is to “save as many fish species as 
we can. All we can hope for is to slow down 
the extinction rate.” 

-JANE QIU 
Jane Qiu is a writer in Beijing and London. 
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Nanoparticles Offer Open Sesame’ 
Keys to New Drugs and Vaccines 


Drugs that rely on tiny strands of RNA to shut 
down the production of problem proteins have 
generated intense research interest in recent 
years. But they have to overcome a common 
difficulty: It’s hard to get the RNA into target 
cells. Research presented at the meeting sug- 
gests there may be a straightforward solution: 
Pack the strands together to form nano-sized 
particles. And a second study indicated that 
a different kind of nanoparticle may lead to 
novel kinds of vaccines. Nano- 
medicine may be about to get a 
big boost. 

A little over a decade ago, 
researchers demonstrated that 
it’s possible to use short strands 
of RNA to knock down the 
expression of particular genes 
and prevent construction of 
key disease proteins. The RNA 
strands, called short interfering 
RNAs (siRNAs), are tailored 
to bind to target strands of 
messenger RNA (mRNA) that carry genetic 
instructions from the cell nucleus to the ribo- 
somes, where proteins are built. The mRNAs 
then can’t be translated into proteins by the 
ribosomal machinery. To do their work, how- 
ever, SIRNAs have to enter cells. The trouble 
is, says Chad Mirkin, a chemist at Northwest- 
ern University in Evanston, Illinois, because 
RNA is negatively charged, it is repelled by 
cell surfaces, which are also primarily nega- 
tively charged. 

Mirkin reported that he and his colleagues 


Fuzzball. Gene-silencing nano- 
particles deftly slip inside cells. 


have overcome this problem by packing hun- 
dreds of copies of siRNA strands into a tight 
ball. The RNA ball attracts the attention of 
numerous positively charged cell surface pro- 
teins called scavenger proteins, which bind 
to it. The complex is then engulfed into the 
cell, and the spherical siRNA particles are 
later released to sop up their mRNA targets. 
Mirkin reported that in cell culture studies, 
the particles readily entered 49 of 50 different 
cell types (with red blood cells 
being the only exception) and 
knocked down the expression 
of target mRNAs. 

Working with Alexander 
Stegh, a brain cancer expert 
at Northwestern University’s 
Feinberg School of Medicine 
in Chicago, Illinois, Mirkin’s 
team then designed siRNA 
particles targeted to prevent 
the expression of key proteins 
involved in brain cancer. When 
they injected the particles into mice with brain 
cancer, 1% of the particles crossed the blood- 
brain barrier, which stops most drugs from 
getting into the brain, and increased the aver- 
age life expectancy of the animals by 20%. 
The hope, Mirkin says, is that the technique 
will enable a new generation of oncology 
drugs to work against brain cancer, currently 
one of the most difficult families of cancers 
to treat. 

It was “just luck” that the particles man- 
aged to cross the blood-brain barrier, Mir- 


New Genetic Letters Augment 
DNA, and Soon Perhaps Life 


kin says. But Joseph DeSimone, a chemist 
at the University of North Carolina, Chapel 
Hill, says Mirkin’s team has been far more 
than lucky. “This has the potential to pull the 
siRNA field out of the toilet,’ DeSimone says. 

At the meeting, DeSimone reported some 
heavy lifting of his own: using nanoparticles 
to make novel vaccines. DeSimone’s group 
has pioneered a technique for making organic 
nanoparticles of almost any size, shape, and 
composition. Now the group has incorpo- 
rated, in some cases, dozens of immunogenic 
fragments from pathogens such as influenza 
into nanoparticles. When the researchers 
injected mice with the particles, 30% to 40% 
of the particles were taken up by immune 
cells, compared with roughly 1% of nor- 
mal vaccine compounds, and antibody titers 
against influenza and other diseases increased 
as much as 12-fold. Not only might the work 
lead to vaccines that are more effective and 
require fewer booster shots, DeSimone says, 
but it could also require far less of a given for- 
mulation, thus dropping their cost and making 
them more readily available. 

Mirkin returns the favor, calling DeSim- 
one’s latest work “fantastic.” 


Biofuels and City Air: 
A Marginal Effect 


If drivers switch from gasoline to biofuels, 
will it lessen the air pollution that shrouds 
cities around the world? Studies of auto 
emissions have indicated it might. But the 
first citywide air quality study of its kind sug- 
gests that unless more than 26% of cars make 
the switch, it will have negligible effect. 


The effort to rewrite life’s genetic code has a long history. Research- 


AGCT. The letters of DNA, along with their RNA cousins, write the 
code for all life as we know it. But perhaps not for long. 

Atthe ACS meeting, a pair of research groups reported that they now 
have alternative letters—synthetic nucleotides—that can be incorpo- 
rated into DNA and can be copied with near perfection by enzymes that 
copy natural DNA. These additions to the genetic alphabet are already 
enabling researchers to write new chemical functions into DNA, which 
could help usher in a wide array of biotechnology advances. And they 
are a critical step along the way to making semisynthetic life forms, 
written in the first new type of genetic code that life has ever known. 


ers have already created dozens of novel nucleotides, designated by 
initials such as P and Z, and they have even managed to incorporate 
many of them into natural DNA. But getting them to work in living, 
reproducing organisms is a tough challenge. One major problem is that 
when enzymes called DNA polymerases try to copy unnatural nucleo- 
tides, either they grind to a halt like a printer with a paper jam or they 
make mistakes. 

Last year, Steven Benner, a chemist and founder of the Wes- 
theimer Institute for Science and Technology, a private research insti- 
tute in Gainesville, Florida, and colleagues came close to solving that 
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The new work, reported by Franz Geiger, 
a chemist at Northwestern University in 
Evanston, Illinois, grows out of a natural 
experiment that takes place every year in 
Sao Paulo, Brazil’s largest city. Sao Paulo is 
home to 1.5 million flex-fuel cars capable of 
switching between using gasoline and 100% 
ethanol, made from fermenting sugar cane. 
Because virtually all gas stations in Sao Paulo 
offer both fuels, drivers of flex-fuel cars 
choose by calculating which will let them 
drive more cheaply, Geiger says. (Gasoline 
tends to be more expensive but also supplies 
about 30% more energy per liter.) 

Unlike gas prices in the United States 
and Europe, which fluctuate with world oil 
prices, gas prices in Brazil are tightly reg- 
ulated. The cost of ethanol, however, varies 
wildly with the cost of sugar cane. For most 
of the year, it’s cheaper for drivers to fill up 
with ethanol. But for two of the past three 
winters, world hikes in the price of sugar 
have made gasoline a better value, prompt- 


ing 1.5 million drivers— 
about 26% of the total of 
5.8 million cars and light 
trucks—to switch for a 
couple of months. 

Geiger and his col- 
leagues, including North- 
western University 
economist Alberto Salvo, 
decided to see whether this 
change affected air qual- 
ity. To their surprise, it 
didn’t. Geiger reported at 
the meeting that they ana- 
lyzed air sampling data 
taken at regular intervals every day from 22 
stations throughout the city. The sampling 
tracked carbon monoxide, nitrous oxides, 
sulfur dioxide, ozone, and other compounds 
in both the high- and the low-ethanol sea- 
sons. But the researchers found no change 
in air quality. When they crunched the num- 
bers further, performing numerous statis- 
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Natural experiment. An annual change in the price 
of gasoline relative to ethanol makes it possible to 
test how biofuels affect air pollution. 


tical regression analyses that attempted to 
isolate specific correlations with weather, 
traffic patterns, air-circulation patterns, 
and other possible links, they still saw no 
effect. “Any discernible change may require 
an even larger share of vehicles to switch 
fuels, or change to a new fuel altogether,” 
Geiger says. 

Geiger stresses that a larger scale switch 
to biofuels might affect air quality. And 
air quality may still improve over time, as 
older, higher-polluting cars and trucks are 
replaced by newer, more- 
efficient models. That 
has yet to be seen. But 
the Northwestern team’s 
new study will provide 
valuable baseline data to 
spot such a future trend, 
Geiger says. 

Paul Alivisatos, direc- 
tor of Lawrence Berkeley 
National Laboratory in 
California, says the new 
results should be seen 
as “good news for bio- 
fuels.” The growth of 
sugar cane and other 
feedstocks removes car- 
bon dioxide—the most 
abundant greenhouse 
gas—from the air, which is then returned to 
the atmosphere when the fuels are burned. 
Burning fossil fuels, by contrast, adds new 
CO,. And the new study, Alivisatos says, 
suggests that switching to biofuels doesn’t 
carry a penalty in air quality, which on bal- 
ance makes them a winner. 

—-ROBERT F. SERVICE 


problem. He reported incorporating novel nucleotides into DNA and 
showed they could be copied with 99.8% fidelity. Still, 99.9% fidelity 
will be required to avoid mistakes building up in the new genetic code, 
or the replacement of novel bases by natural ones. 

At the meeting, groups led by Ichiro Hirao of the RIKEN Yoko- 
hama Institute in Japan and Floyd Romesberg of the Scripps Research 
Institute in San Diego, California, reported the synthesis of new 
nucleotides that can be incorporated into DNA and copied with suf- 
ficient fidelity to work well in living organisms. Hirao and colleagues 
reported that their novel DNA was copied with as high as 99.97% 
fidelity. One limitation was that their new letters always had to be 
flanked by particular sequences of natural DNA to ensure high copy- 
ing quality. Romesberg’s team, meanwhile, got 99.9% fidelity with its 
system and showed that its novel letters could be incorporated any- 
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where in natural DNA strands without affecting the copying fidelity. 
Another group reports similar success with a different set of letters 
on page 341. 

Now, the race will be on to get the new letters incorporated in living 
microbes. That won’t be easy, Romesberg says. 

Researchers still need to find ways to coax cells to import the new 
nucleotides or bring in the building blocks and assemble them once 
inside. They also need to show that the altered DNA is transcribed 
into RNA with corresponding novel letters and then translated into 
new amino acids that make up proteins. Researchers have previously 
coaxed cells to incorporate unnatural amino acids into proteins, but 
no one has yet started with novel genetic letters and gone the distance. 

With several groups now zeroing in on that goal, life’s genetic 
alphabet may soon be expanded for the first time. -R.FS. 
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Environment-Friendly Reform in Myanmar 


DECADES OF ECONOMIC AND POLITICAL ISOLATION HAVE TRANSFORMED MYANMAR. ONCE A 
regional leader [and the world’s largest exporter of rice through the 1950s (7)], Myanmar now 
has some of the lowest human development and governance indicators in the world (2, 3). 
Environmental governance has also suffered: Mineral and timber resources have been unsus- 
tainably exploited (4), wildlife populations have declined (5), environmental safeguards are 
negligible (6), and the protected-areas network is under-resourced and poorly enforced (7). 
Yet, Myanmar remains a global 
biodiversity hotspot and con- 
servation priority. It hosts one 
of the largest contiguous for- 
est blocks in Southeast Asia and 
sustains many endangered and 
endemic species, including the 
newly described Burmese snub- 
nosed monkey (8). New, rapid 
economic transformation has the 
potential to compound the chal- 
lenges of safeguarding sensitive 
ecosystems. 

The 2011 establishment of a 
quasi-democratic government 
and the subsequent release of 
hundreds of political prison- 
ers prompted high-profile visits 
by representatives from numer- 
ous donor countries (9). With 
openly contested by-elections on 
1 April, Myanmar has taken another step toward increased development assistance, reduced 
sanctions, and improved trade, in hopes of renewed economic opportunity. Myanmar’s busi- 
ness environment is already changing, spurred by regional investment, the China-ASEAN 
Free Trade Agreement, and plans for large-scale industrial and agricultural development and 
currency stabilization. 

Although potentially transformative, massive and rapid investment into Myanmar should 
prompt some concern. Myanmar’s neighbors may view liberalization as an opportunity to 
export polluting industries, extract raw materials, and supply agricultural exports; domestic 
environmental groups are already sounding the alarm (6, /0). Encouragingly, the new gov- 
ernment has recently made several bold, high-profile steps toward environmental protection, 
including the suspension of the Chinese-supported Myitsone Dam and Thai-financed Dawei 
coal-fired power plant (//, /2). 

Much depends on the reform of Myanmar’s environmental regulatory framework. 
Although Myanmar is already a signatory to international environmental agreements such 
as the Convention on Biological Diversity (in 1994) and the Ramsar Convention (in 2005), 
there is clear need for internal review, as well as capacity-building and financial support to 
promote best practices. During this period of re-engagement among government, donors 
(including nontraditional donors), and foreign investors, there is also a need for renewed 


Democracy advocate Aung San Suu Kyi. Recent elections bring 
Myanmar one step closer to reform. 
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dialogue about how to establish sustainable 
development and environmental agendas 
for Myanmar. In the face of rapid economic 
liberalization, it will be a major challenge 
to ensure sustainability and to conserve 
Myanmar’s imperiled biodiversity. 
EDWARD L. WEBB,** JACOB PHELPS,? DANIEL A. 
FRIESS,? MADHU RAO,*? ALAN D. ZIEGLER? 
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India’s Science: 
Elitism Prevails 


AFTER READING THE NEWS FOCUS STORY “INDIA 
rising” (R. Stone, 24 February, p. 904) and 
the related Editorial, “India’s ‘science for 
all’ academy” (R. Mashelkar, 24 February, 
p. 891), I can’t escape asking: Why doesn’t 
such a competent and highly educated sci- 
entific workforce produce? It seems that in 


www.sciencemag.org SCIENCE VOL336 20APRIL 2012 


Published by AAAS 


295 


Downloaded from www.sciencemag.org on April 19, 2012 


LETTERS 


India, scientists who become successful or 
achieve some modicum of notoriety eventu- 
ally become science administrators and pre- 
side over decades of myopic science policies 
and self-preservation, including handpicking 
those who are “respectful and compliant,” 
ensuring vertical transmission of mediocrity 
and incompetence. This continuum of elitism, 
contaminated with favoritism, leaves Indian 
science bereft of new ideas and energies. The 
only time that this practice was defied was 
when Nehru (India’s first prime minister) 
appointed a young, energetic visionary physi- 
cist named Homi Bhabha, much to the cha- 
grin of the late Sir C.V. Raman (the Nobel lau- 
reate). It was Bhabha who ushered the Indian 
Atomic Energy program to its current stature 
and competence. In a nation of more than a 
billion people, there shouldn’t be a dearth of 
energy or ideas. It is sad that Stone did not find 
any young Indian scientists to write about. 
SURA] P. BHAT 


Department of Ophthalmology, Geffen School of Medicine, 
University of California, Los Angeles, Los Angeles, CA 90095, 
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India's Science: 
Excellence Unrecognized 


NEITHER R. MASHELKAR’S EDITORIAL (“INDIA’S 
“science for all’ academy,” 24 February, 
p. 891) nor the News Focus story by R. 
Stone (“India rising,” 24 February, p. 904) 
touched upon the biggest shortcoming of 
Indian science: its inability to reward, and 
hence inspire, excellence. 

Among the multitudes who brave the 
largely patronizing and unimaginative edu- 
cation system in India, many researchers do 
emerge who are capable of emulating the 
best in the world. However, no mechanism 
exists to encourage demonstrated potential 
or to reward those who achieve better-than- 
average output. A university faculty mem- 
ber receives the same annual salary raise 
whether she or he has published 10 papers, 
one paper, or no papers in high—impact- 
factor journals in the preceding year. Not 
only is the system unable to provide per- 
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sonal benefits to achievers of excellence, 
it does not even facilitate their work with 
better research grants. An assistant profes- 
sor must spend at least 11 years and must 
achieve a certain minimum research output 
in that time to be given associate professor- 
ship. But if someone achieves double, tri- 
ple, or quadruple the stipulated minimum in 
less than 11 years, there is no provision for 
that person to move up faster than the lesser 
achievers. Apart from enduring the disinter- 
est of the establishment, these scientists also 
have to contend with the hurdles placed in 
their path by envious colleagues. 

Once in a while, policy-makers make 
noises about providing a faster track to those 


who put in exceptional effort, but the idea is 
quickly abandoned out of fear of displeas- 
ing the fence-sitting majority. Given this 
backdrop, those who pursue excellence in 
Indian universities and research institutions 
invoke a mixture of hostility and embarrass- 
ment. The treatment they receive becomes a 
demotivating example for others. The Indian 
scientific establishment keeps expressing 
the desire to promote excellence, but on the 
ground, it does everything to discourage it. 
TASNEEM ABBASI AND SHAHID ABBAS ABBASI* 
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CORRECTIONS AND CLARIFICATIONS 


Perspectives: “Rapamycin paradox resolved” by K. J. Hughes and B. K. Kennedy 
(30 March, p. 1578). In the print and online HTML version of the figure, some of the 
chemical structures of rapamycin were mistakenly omitted. The correct figure is shown 
here (right). The online HTML version has now been corrected. The online PDF was cor- 


rected shortly after publication. 


Research Articles: “A systematic survey of loss-of-function variants in human protein- 
coding genes” by D. G. MacArthur et al. (17 February, p. 823). In Fig. 3C, the axis labels 
“False Positive Rate” and “True Positive Rate” should have been swapped. The corrected 
figure is shown here (below). The figure has been corrected in the HTML version online. 
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Research Articles: “The technology path to deep greenhouse gas emissions 
cuts by 2050: The pivotal role of electricity” by J. H. Williams ef al. (6 Janu- 
ary, p. 53). One of the affiliations of the corresponding author, Margaret S. 
Torn, was inadvertently omitted: Earth Sciences Division, 90R111, Lawrence 
Berkeley National Laboratory, Berkeley, CA 94720, USA. 


Reports: “Effects of genetic perturbation on seasonal life history plas- 
ticity “ by A. M. Wilczek et al. (13 February 2009, p. 930). A minor cod- 
ing error was detected that affects the sunrise and sunset times used in 
the authors’ photothermal model of Arabidopsis development. The com- 
puted photoperiods are correct, but the error had small effects on day- 
time degree-hour accumulations because temperatures are cooler near 
dawn than dusk. Correcting this error resulted in minor changes to esti- 
mated model parameters and modified photothermal unit values (tables 
S2 and $3) and insignificant changes in Figs. 2 to 4. There were no 


R? changes (Figs. 3 and 4B), and the conclusions of the paper are completely unaffected. The online supplement has been 


corrected. The authors thank Alex Cobb for detecting the error. 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Detection of Emerging Sunspot Regions in the Solar Interior” 


Douglas C. Braun 


llonidis et al. (Reports, 19 August 2011, p. 993) report acoustic travel-time decreases associated with emerging sunspot 
regions before their appearance on the solar surface. An independent analysis using helioseismic holography does not 
confirm these travel-time anomalies for the four regions illustrated by llonidis et al. This negative finding is consistent 


with expectations based on current emerging flux models. 
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Braun claims that his analysis using helioseismic holography does not confirm the detection of emerging sunspot 
regions. We examine his measurement procedure and explain why his method has different sensitivity than our method. 
We also discuss possible physical processes that may cause the detected phase travel-time shifts. 
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Comment on “Detection of Emerging 
Sunspot Regions in the Solar Interior" 


Douglas C. Braun 


llonidis et al. (Reports, 19 August 2011, p. 993) report acoustic travel-time decreases associated 
with emerging sunspot regions before their appearance on the solar surface. An independent 
analysis using helioseismic holography does not confirm these travel-time anomalies for the 

four regions illustrated by llonidis et al. This negative finding is consistent with expectations based 


on current emerging flux models. 


travel-time decreases of 12 to 16 s, between 

1 and 2 days before the maximum surface 
flux emergence rate, using a time-distance anal- 
ysis of acoustic waves penetrating between 42 
and 75 Mm below the solar surface. This result is 
contrary to recent numerical simulations of emerg- 
ing magnetic flux tubes (2) that predict travel-time 
shifts due to flows of about 1 s and shifts on the 
order of 10°! to 10 7 s due to magnetic field or 
temperature fluctuations. Ilonidis et al. (/) note 
this discrepancy and acknowledge that the phys- 
ical origin of the observed travel-time shifts is un- 
known. The results, if confirmed, may offer hope 


[== et al. (1) claim the detection of acoustic 
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for enabling the prediction of emerging magnet- 
ic flux 1 to 2 days in advance of its appearance 
at the surface, but would also challenge current 
understanding. 

The goal of the present work is to ascertain 
whether the claimed travel-time anomalies are 
detectable with an independent analysis. This goal 
is distinct from an independent replication of 
the exact time-distance methodology of Ilonidis 
et al. (1). A variety of methods in local helio- 
seismology (3) exist that are capable of detecting 
travel-time (or phase) shifts due to perturbations 
in subsurface conditions affecting wave propaga- 
tion. Among these is helioseismic holography 
applied in the “lateral-vantage” or “deep-focus” 
scheme (4-6). To test for the presence of the sig- 
natures reported, I applied helioseismic holog- 
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raphy (7) to 6-hour time segments of full-disk 
Doppler observations from the Michelson Dopp- 
ler Imager (MDI) (8) on board the Solar and 
Heliospheric Observatory (SOHO) to compute 
travel-time maps of the four emerging flux re- 
gions presented by Ilonidis et al. (/). 

The resulting maps (Fig. 1 and fig. S2) and 
statistics (fig. S3) of the travel-time shifts near 
the target regions do not support the existence 
of decreases in acoustic travel times on the order 
of 12 to 16 s at any of the expected depths and 
positions, although such signatures would be at 
least 5 times the background noise. Instead, the 
observed fluctuations in the depth-averaged travel- 
time maps appear to be consistent with realiza- 
tion noise (9), which for these measurements is 
~2 s. The use of multiple arc configurations by 
Tlonidis et al. (7) implies that the signal-to-noise 
ratio of their maps may vary with the number of 
arc configurations employed. Figures $3 and S4 
demonstrate that the signal in this holography 
analysis is not enhanced, nor is the noise reduced, 
by the cumulative addition of egression-ingression 
correlations using multiple arc configurations, par- 
ticularly with the smaller arc configurations ad- 
vocated by Ilonidis et al. (/). 

The findings here are consistent with the ex- 
pectations (2) that acoustic travel-time signatures 
of magnetic flux, at depths of ~50 Mm, are less 
than a second, and thus below the typical helio- 
seismic noise for observations spanning less than 
a day (6). It is worth noting that both time-distance 
and holography methods are demonstrably capable 
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Fig. 1. (A to D) Line-of-sight MDI magnetograms (in units of Mx/cm?) and (E 
to H) travel-time shift maps (in units of seconds) for the four active regions 
studied. From left to right, the active regions shown are AR 07978, AR 
08164, AR 08171, and AR 10488, respectively. (A) to (D) show the photo- 
spheric magnetic field at post-emergence (at identical times as those shown 
by llonidis et al. in figures 4C, 3C, S2C, and 2C, respectively), and the boxes 
show the field of view as employed by them (with dimensions in Mm). The 
dashed white circles (50 Mm in diameter) approximately mark the size and 


location of the reported signatures. The black (white) contours in (E) to (H) 
indicate travel-time shifts of +6 (6) s. The travel-time shift maps were made 
from 6-hour time series centered on the following times (from left to right): 6 
July 1996 12:00 UT, 23 February 1998 00:00 UT, 27 February 1998 03:00 
UT, and 26 October 2003 03:00 UT, all of which are near the times of the 
maximum travel-time shifts reported by llonidis et al. The computed maps 
extend beyond the region shown and represent averages over the four target 
depths (maps for the individual depths are shown in fig. $2). 
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(as a prominent example) of detecting ~10-s travel- 
time shifts caused by strong magnetic flux con- 
centrations on the far surface of the Sun (/0-/2). 
The discrepancy between the results presented 
here and those of Ilonidis ef al. (/) is difficult to 
reconcile in terms of the properties of known acous- 
tic travel-time anomalies such as compact pertur- 
bations of sound speed. Ascertaining the potential 
consequences for the results of (perhaps subtle) 
changes in methodology may be important. For 
example, the holography analysis includes acous- 
tic waves propagating through the target depths at 
impact angles up to +45 degrees from the hori- 
zontal, as opposed to the selection of predominantly 
horizontally impacting waves by Ilonidis et al. (/). 
Quantitative measurements of variations of travel- 
time shifts with impact angle and other parame- 
ters may be critical in understanding the physical 
nature of the anomalies. The holography method 
used here is applied to fairly large regions of the 
Sun surrounding the targets, which allows the 
assessment of realization noise for each separate 
target region. Applying the time-distance proce- 


dure of Ilonidis et al. (1) over comparably large 
areas would be useful for future comparisons. Due 
to differences in methodology, I draw no con- 
clusions regarding the replicability of the reported 
anomalies using the time-distance methods de- 
scribed by Ilonidis er al. (7). However, given the 
disparity of results and the lack of physical basis 
for such signatures, I consider the 12- to 16-s travel- 
time decreases reported by Ionidis et al. to be 
controversial and suggest that a resolution of the 
issue might be achieved using blind tests with 
simulated and real data. 
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Response to Comment on “Detection 
of Emerging Sunspot Regions in the 


Solar Interior’ 


Stathis llonidis,* Junwei Zhao, Alexander Kosovichev 


Braun claims that his analysis using helioseismic holography does not confirm the detection of 
emerging sunspot regions. We examine his measurement procedure and explain why his method 
has different sensitivity than our method. We also discuss possible physical processes that may 


cause the detected phase travel-time shifts. 


regions can be detected before their ap- 

pearance on the solar disc and as deep as 
65,000 km below the solar surface. The detection 
method, based on time-distance helioseismology 
technique (2), employs a newly designed phase- 
speed filter and a measurement scheme with a 
high signal-to-noise (S/N) ratio. Braun claims that 
an independent analysis (3) with the helioseismic 
holography technique (4) is not able to detect the 
phase shifts associated with the emerging sunspot 
regions and considers our results controversial. In 
fact, Braun follows a completely different proce- 
dure that only shows that this particular method 
is not able to detect emerging sunspot regions. 
We mention below several important differences 
between our method and his and demonstrate 
with measurements that his method is not ex- 
pected to provide a sufficiently high S/N ratio 
needed for a positive detection. 

In our study, we used a specially designed 
non-Gaussian phase-speed filter [details of the 
filter can be found in (5)] because our tests with 
emerging-flux and quiet-Sun regions showed that 
it provides a higher S/N ratio than other Gaussian 
phase-speed filters at the same depth range (5). 
We also computed the exact pixel-to-pixel dis- 
tances in spherical coordinates to avoid errors 
on the selection of annuli caused by the Cartesian 
approximation. Braun instead employed Cartesian 
coordinates in his analysis, although the radius of 
the largest pupil annulus is about 24.1° and the 
travel-time maps cover a region of about 22° by 
22°. He also used four Gaussian phase-speed 
filters to compute travel-time maps at four target 
depths and then added these travel-time maps 
together. 

Below, we followed our measurement meth- 
od (/) but used the Cartesian approximation and 
four Gaussian phase-speed filters to construct 
travel-time maps at about the same target depths 
with (3) and then adding these travel-time maps 
together as in (3). The parameters of the phase- 


| et al. (1) report that large sunspot 
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as a positive detection. The reasons are (1) the 
Cartesian approximation mixes up the phases 
of the waves and smears out real signals (Fig. 
1B), (ii) the Gaussian phase-speed filters do 
not provide as high a S/N ratio as the filter 
that we used (Fig. 1C), and (iii) focusing at four 
separate target depths, instead of combining the 
measurements from different depths as we did, 
further reduces the signal relative to the noise 
(Fig. 1D). This analysis confirms our initial find- 
ing that a successful detection is possible only if 
a procedure with a sufficiently high S/N ratio is 
used. Following the procedure that was used in 
(3), we also fail to detect significant signals. 
Figure 2 shows that the measurement scheme 
used in (3) is significantly different from ours. 
We used acoustic waves with 1-skip horizontal 
distance of 111 to 198 Mm, whereas the cor- 
responding range in (3) is 119 to 334 Mm. 


speed filtering are given in table S1. The final 
map (Fig. 1D) does not show, at the location of 
the emergence, signatures that can be determined 
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Fig. 1. (A) Mean phase travel-time perturbation map of AR 10488 obtained from an 8-hour data set 
centered at 03:30 UT, 26 October 2003. The cross-covariances were computed using our method (2), 
with arcs with a size of 45° and four different orientations. The phase shifts inside the circle, which are 
caused by the emerging sunspot region, have the maximum amplitude of 16.2 s. (B) Same as (A) except 
that the cross-covariances, following Braun's approach, were computed assuming Cartesian geometry 
(instead of the correct spherical geometry). The maximum amplitude of the phase shifts inside the circle 
is reduced to 12 s. (C) Same as (B) except that the cross-covariances were computed using a Gaussian 
phase-speed filter (instead of our specially designed filter). The signal inside the circle was further 
reduced to 9.7 s. (D) Mean phase travel-time perturbation map made with Braun’s methodology: same 
as (C) except that the cross-covariances were computed using four Gaussian phase-speed filters at four 
target depths. The final phase travel-time map shown here is the average of the four individual maps. 
The strongest signal inside the circle is only 5.9 s, which is not sufficiently high to allow the detection of 
an emerging sunspot region. The strongest signal in this map, with amplitude of about 7.0 s as in 
Braun’s comment, is more than 60 Mm away from the location of the emergence. These panels 
illustrate that only these three differences in Braun's analysis method can fully explain his negative 
result. Other factors, discussed in the text, may also be important. 
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Fig. 2. Schematic representa- 
tion of the largest ray paths for 
the smallest and largest focus 
depths used in our and Braun's 
measurement schemes. The largest 
1-skip distance in our analysis is 
about 198 Mm, whereas in Braun's 
analysis it is about 334 Mm. 
The oscillation signals in Braun's 
scheme are selected from a much 


Braun’s scheme 


llonidis et al. scheme 


Braun’s scheme 


larger region of the solar disc, have much larger horizontal wavelengths and different wave vector 
orientations at the lower turning point, and they travel much deeper in the solar interior. These waves 
have also different acoustic power distribution over the frequency. All these factors can significantly 


affect the phase travel-time shifts. 


These waves have very different physical pro- 
perties. The horizontal wavelength at 3.5 mHz, 
for example, is 24 to 38 Mm in our case and 28 
to 56 Mm in (3). It has been shown (6) that 
phase travel-time shifts can be caused by absor- 
ption of acoustic waves, and it is well known 
(7, 8) that the absorption coefficient monoton- 
ically decreases with the horizontal wavelength. 
The use of much larger wavelengths (56 Mm 
instead of 38 Mm) may lead to a reduction of 
the measured phase shifts. The orientation of 
the wave vector at the focus point (which de- 
termines the angle with the magnetic field) is 
also different: It is horizontal in our case, and 
varies between 0° and 45° in (3) (Fig. 2). Further 
studies are required to determine how the mea- 
sured phase shifts vary with this orientation angle. 
Last, acoustic waves suffer a 90° phase jump at 
the lower turning point (9), which, in our case, 
coincides with the focus point and is always lo- 
cated inside the magnetic region. Therefore, our 
method may be more sensitive to perturbations 
that cause phase shifts at this point. 

The definition of the phase travel time in (3) 
is also different from ours. The phase shifts in 
our study are obtained by fitting the computed 
cross-covariances with a Gabor wavelet (/0), and 


the phase travel time corresponds to the location 
of just one of the highest peaks of the cross- 
covariance function. The phase travel time in (3) 
represents the argument angle of the cross- 
covariance function (for a selected window) in 
the Fourier domain and most likely represents 
averaged phase shifts of all peaks in the selected 
window. These two definitions are not equiv- 
alent and may produce different values. 

Regarding the physical origin of the pertur- 
bation, the observed phase shifts can be caused 
not only by sound-speed and magnetic-field per- 
turbations or plasma flows but also by more com- 
plex effects such as absorption and scattering. 
There has been also evidence, both from ob- 
servations and numerical simulations (//), that 
submerged magnetic regions can modify the 
acoustic power above them. This effect may 
also cause phase travel-time shifts in measure- 
ments. The estimates of acoustic travel times 
from a numerical model of emerging flux (/2) 
mentioned in (3) are based on a simple assump- 
tion that the travel-time shifts are caused by 
sound-speed perturbations or flows. These theo- 
retical estimates do not include other effects of 
acoustic waves and thus cannot justify Braun’s 
claim that our results lack physical basis. 


TECHNICAL COMMENT 


Overall, Braun (3) employs an analysis pro- 
cedure that is different in many aspects from our 
analysis and does not provide a sufficiently high 
S/N ratio for the detection of emerging sunspot 
regions. We have demonstrated with measure- 
ments that the selection of filters, geometry, and 
measurement scheme can fully explain this neg- 
ative result. 


References and Notes 
. S. llonidis, J. Zhao, A. Kosovichev, Science 333, 993 
(2011). 
2. T. L. Duvall Jr., S. M. Jefferies, J. W. Harvey, 
M. A. Pomerantz, Nature 362, 430 (1993). 

3. D.C. Braun, Science 336, 296 (2012); www.sciencemag. 

org/cgi/content/full/336/6079/296-c. 

4. C. Lindsey, D. C. Braun, Sol. Phys. 192, 261 

(2000). 
. 5. llonidis, J. Zhao, A. Kosovichev, http://arxiv.org/abs/1203. 
2546 (2012). 
6. M. F. Woodard, Astrophys. J. 485, 890 (1997). 
. D. C. Braun, T. L. Duvall Jr., B. J. LaBonte, 
Astrophys. J. 319, L27 (1987). 
8. S. llonidis, J. Zhao, Sol. Phys. 268, 377 (2011). 
9. D. O. Gough, in Astrophysical Fluid Dynamics, Linear 
Adiabatic Stellar Pulsation (Les Houches 1987), 
J.-P. Zahn, J. Zinn-Justin, Eds. (Elsevier, Amsterdam, 
1993), chap. 8. 

10. A. G. Kosovichev, T. L. Duvall Jr., in Proc. SCORe96 
Workshop: Solar Convection and Oscillations and Their 
Relationship, F. P. Pijpers, J]. Christensen-Dalsgaard, 

C. S. Rosenthal, Eds. (Kluwer, Dordrecht, Netherlands, 
1996), pp. 241-260. 

11. T. Hartlep, A. G. Kosovichev, J. Zhao, N. N. Mansour, 
Sol. Phys. 268, 321 (2011). 

12. A.C. Birch, D. C. Braun, Y. Fan, Astrophys. J. 723, L190 
(2010). 


b 


w 


N 


Acknowledgments: This work was partly supported by 
NASA contracts NNXO9AI90G and NAS5-02139 to Stanford 
University and by Living With a Star Targeted Research 
and Technology grant NNXO7AP61. 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/336/607 9/296-d/DC1 
Table $1 


21 November 2011; accepted 23 March 2012 
10.1126/science.1215539 


www.sciencemag.org SCIENCE VOL 336 20 APRIL 2012 


Downloaded from www.sciencemag.org on April 19, 2012 


296-d 


CREDIT: ©IKON IMAGES/CORBIS 


MEDICINE 


Perceived Inheritance 


Michael A. Goldman 


ven within the lifetime of most Baby 
eons it will become possible for 

any middle-class American to obtain 
a substantially complete sequence of his or 
her own genome. The interesting question is 
not when that will happen but what we will 
do with the data when we have them—how 
we will turn the personal sequences into 
actionable knowledge. These are the issues 
that Robert Klitzman grapples with in Am [ 
My Genes? 

Klitzman, a psychiatrist and bioethicist 
at Columbia University, conducted two- 
hour interviews of 64 individuals affected 
by or deemed to be at risk for one of three 
genetic conditions—Huntington’s disease, 
breast cancer, or alpha-1-antitrypsin defi- 
ciency. He published a somewhat more tech- 
nical account of his findings in a ten-page 
paper (/). The expanded space provided by 
the book allows him to present more direct 
quotes, to discuss matters at greater length, 
and to correct a few numerical errors. None- 
theless, the earlier journal article may strike 
health care professionals as more concise 
and to the point. 

Many of the questions Klitzman asks 
were as relevant ten years ago as they are 
today. Even before the breast cancer— 
associated tumor suppressor genes (BRCA/ 
and BRCA2) were mapped in the mid-1990s, 
the strong tendency of breast cancer to run 
in some families already presented indi- 
viduals with important information about 
relative risk. Genetic counselors dealt with 
Huntington’s disease, whereas most health 
professionals didn’t understand it. And the 
basic ethical, legal, and social questions that 
Klitzman considers date back at least to the 
dawn of the Human Genome Project. The 
interviews he relates took place before the 
passage in 2008 of key U.S. legislation— 
the Genetic Information Nondiscrimination 
Act. Although the law is probably too nar- 
row in scope to render the wealth of infor- 
mation in this book substantially out of date, 
genomic medicine has since outstripped 
education, understanding, law, and ethics in 
many ways. 

Given that the study encompassed three 
different genetic conditions and 64 inter- 
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viewees from an admirable array of socio- 
economic and ethnic backgrounds, it’s 
not surprising that it is hard to tease out 
a few salient take-home points. Klitzman 
makes a valiant effort to not only distill 
specific points but also rationalize them. 
For example, in discussing the decision 
about whether or not to share one’s genetic 
“status” with those who hold a stake in it 
because they are relatives: 


The greater the genetic connection, the 
greater the social and moral bonds, since, 
as the biologist Richard Dawkins avers, 
genes seek to replicate themselves. 

Yet here the presence or absence of 
one specific mutation, not the overall per- 
centage of one’s genes, is important. I 
may share only 1/16th of my genes with 
my first cousin once removed (my cous- 
in’s child), but that small fraction is criti- 
cal if it contains a lethal or treatable muta- 
tion. Whereas I might otherwise commu- 
nicate little if at all with these extended 
relatives, genetics heightens the reasons 
to do so.... Such communication can be 
vital, if not morally obligatory. 


Whereas patients may wrestle with 
issues of whom to tell about their genetic 
test results, physicians might have an obli- 
gation. This juxtaposes “patients’ rights to 
confidentiality against physicians’ broader 
social obligations.” Klitzman notes that 
U.S. courts have held “that physicians at 
times have a duty to warn third parties about 
genetic risks” (2). It is sobering to imagine 
that position scaled up to deal with whole- 
genome sequencing data. 

Klitzman strikes at the 
heart of the issue when he 
observes that “[o]verall, 
patients, physicians, and the 
public have relatively lt- 
tle knowledge about many 
aspects of genetics.” He cites 
misconceptions: some indi- 
viduals “believe that fathers 
contribute more genetic 
material than do moth- 
ers, and that a child is more 
likely to inherit a disease mutation if he or 
she more physically resembles the parent 
with the mutation.” But the book doesn’t do 
much to solve the problem of a lack of edu- 
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cation in genetics. It provides only a short, 
selective introduction in an appendix that 
most readers will miss. Nor does Klitzman 
take advantage of the opportunity to clar- 
ify some of the simple mathematics of risk, 
which he recognizes as widely misunder- 
stood. A good cost-benefit analysis might 
have been instructive. 

The author comments that “genetic test 
results appear to function as a kind of Ror- 
schach test that individuals interpret in a 
wide variety of ways based on broader psy- 
chological, cultural, and personal issues, 
needs, and beliefs.” Patients weigh genet- 
ics and environment, and their own influ- 
ence on the future, differently depending on 
their disposition and experience. These indi- 
viduals face unusual challenges and unique 
perspectives on life: “A mutation can thus 
suggest not only the etiology, or cause of 
disease, but the timing of one’s demise”— 
the expiration date envisioned in the film 
Gattaca. “Though intellectually humans 
are all aware that they will 
eventually die, few confront 
this inevitability with the cer- 
tainty of those who know they 
have or may have a poten- 
tially lethal mutation.” 

In concentrating on sin- 
gle-gene disorders, Klitzman 
misses the real potential and 
complexity of genome-level 
analysis. The near future will 
bring tremendous challenges 
in understanding common, complex condi- 
tions that affect huge numbers of individuals 
and have a tremendous economic and social 
impact. The book offers neither novel ideas 
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nor a broad, didactic treatment of its sweep- 
ing subject. Nonetheless, engaged readers 
will find an opportunity for total immersion 
in some exciting questions and touching 
human experiences. Am I My Genes? should 
be required reading for students of genetic 
counseling—and for people facing the chal- 
lenges of genomic health in their own lives. 
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ENVIRONMENT 


Inextricably Coupled 
Harald A. Mieg 


ometimes it pays to start reading a 

book near the end, as that clarifies 

how the story’s many lines fit in a 
cohesive plan. Such is the case with Roland 
Scholz’s Environmental Literacy in Science 
and Society. Scholz (a sustainability scien- 
tist at the Swiss Federal Institute of Tech- 
nology) aims to promote the “efficient use 
of scientific knowledge” that we require to 
cope with 21st-century environmental prob- 
lems. The book’s first several sections sys- 
tematically explore an abundance of con- 
cepts (drawn from biology, psychology, 
sociology, economics, and industrial ecol- 
ogy) and transdisciplinary approaches and 
offer a comprehensive introduction to sus- 
tainability science. However, the full picture 
only emerges in the penultimate section, 
“A framework for investigating human— 
environment systems (HES).” 

Scholz (joined by several coauthors) pre- 
sents this framework as a “heuristic tool” for 
shaping studies of human-environment inter- 
actions and for dealing with the complexity 
of those interactions. The framework rests on 
seven postulates, assumptions that function 
as the basis for the authors’ arguments. 

The first four postulates (complementa- 
rity, hierarchy, interference, and feedback) 
are epistemological assumptions drawn 
from systems theory. With them, Scholz 
emphasizes a fundamental constraint of 
human life: that people and environments 
are coupled at every hierarchical level, from 
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cellular processes to institution-building 
by societies. Neither the idea of coupled 
human-environmental systems nor that of 
hierarchies is new. However, in Scholz’s 
HES model, human and environmental sys- 
tems are rigorously, “inextricably” coupled. 
Among the book’s highlights 
are the case studies on phos- 
phorus cycles within coupled 
human-environment systems. 
These link material fluxes and 
related biogeochemical pro- 
cesses to decision-making at 
different levels, e.g., via con- 
sumer behavior (individual), 
farming and meat processing 
(organizational), media and 
public administration (institu- 
tional), and national and trans- 
national policies (societal, supranational). 

In the context of these examples, what 
does coupledness mean, as a fundamental 
constraint? When reconsidering the funda- 
ments of ecology, Sven Jorgensen ef al. (/) 
designated one principle—the openness 
of systems—as ontic, a matter of being. 
Ecology, a biological endeavor, attempts to 
define basic structures of complex life. In a 
slight contrast, Scholz sees the fundamen- 
tal coupledness of human-environment sys- 
tems as an epistemological matter (a mat- 
ter of awareness and cognition), related to 
how we, as decision-making agents, should 
study human and environmental systems. 
Hence, Scholz speaks of postulates rather 
than principles or laws. His starting point is 
not biology but industrial ecology. Postulates 
five (decision) and six (awareness) intro- 
duce “agency”: environments are perceived 
and are subject to decisions and subsequent 
actions. Therefore, postulate seven (environ- 
ment-first) should be read not as “value the 
environment” (an ontological stance) but as 
an injunction to start our analysis by under- 
standing environments. 

The potential Achilles’ heel of the HES 
model is its conceptualization of environ- 
ment. From a systems perspective, environ- 
ment comprises (roughly speaking) any- 
thing external to a system’s borders. It is 
therefore a relative concept. For living sys- 
tems, it is also underdetermined, as they 
perceive only parts of their environments. 
Scholz shows that conception of environ- 
ment as “surrounding” dates from the Mid- 
dle Ages. He supports the thesis that Herbert 
Spencer [in (2)] “invented” the modern idea 
of environment by extrapolating from indi- 
viduals to life as a whole. The HES model 
is based on a refinement of this concept of 
a total environment, encompassing the “uni- 
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verse” minus a particular system. Its appli- 
cation to real problems presupposes that 
we know the structures of the environment 
as a whole. Yet, it is clear that we have only 
begun to understand the coupling of func- 
tional levels—for instance, in the exam- 
ple of the financial system, 
between stock markets and 
derivative markets and their 
consequences for phosphorus 
prices. From the perspective 
of being aware of what we 
can or cannot know, Scholz’s 
concept of environment is 
somewhat overburdened and 
overdetermined. It has to 
incorporate not only condi- 
tions of varying proximity but 
also the mind-body comple- 
mentarity and the emergence of human life 
and living cells “from the zygote and their 
(inter-)actions.” In diagramming the HES 
model, the authors even represent environ- 
ment as if it were a closed system, with its 
own boundaries (to where?). But if we want 
to provoke discussion and advance science, 
we have sometimes to make clear and strong 
assumptions—as Scholz does. 

The book presents a highly structured 
account of the approach Scholz and his col- 
leagues have developed since the late 1980s. 
Notwithstanding changes in terminology 
(from “systems thinking” to “transdisci- 
plinarity”), they have consistently champi- 
oned environmental literacy as a foundation 
of integrated and publicly focused sciences. 
The call for environmental literacy is also 
backed by ecology; Stephen Schneider for- 
mulated such literacy as a matter of “good 
citizenship” (3). Scholz goes one step fur- 
ther: the inextricable coupling of human and 
environmental systems requires that society 
become more scientific and science more 
practical. His hierarchical HES model also 
goes far beyond the sustainability-science 
approach of integrating economic, societal, 
and environmental concerns toward system- 
atically linking all human decision-making 
to biogeochemical cycles. Thus, Environ- 
mental Literacy in Science and Society pro- 
vides a potential basis for research and con- 
ceptual revisions in coming decades. 
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SCIENCE AND REGULATION 


FDA's Approach to Regulation 
of Products of Nanotechnology 


Margaret A. Hamburg 


i‘ U.S. Food and Drug Administra- 
tion (FDA) has long encountered the 
combination of promise, risk, and 
uncertainty that accompanies new technolo- 
gies. This is equally true for nanotechnology, 
which engenders both excitement and con- 
cern owing to the rapidly evolving science 
and range of applications. The very changes 
in biological, chemical, and other properties 
that make some applications so exciting may 
also present new questions about how to pre- 
dict, identify, measure, and monitor possibly 
harmful effects. 

FDA is generally responsible for oversee- 
ing the safety and effectiveness of drugs and 
devices for humans and animals and of bio- 
logical products for humans, and the safety 
of foods (including food additives and dietary 
supplements), color additives, and cosmetics. 
The agency conducts these oversight func- 
tions under a variety of laws and regulations, 
which establish the specific premarket and/or 
postmarket oversight mechanisms applicable 
to a particular class of products (/). We focus 
below on identifying FDA products that 
involve nanotechnology, evaluating products 
that contain nanomaterials, and ensuring a 
responsive regulatory framework, which may 
be tailored to specific product areas over time. 


Identifying Nanomaterials for Regulation 

FDA’s regulatory science priorities are 
focused on issues relevant to oversight of 
products subject to its regulations. Identify- 
ing nanomaterials is an important first step. 
Materials can exhibit new physicochemi- 
cal properties at nanoscale dimensions (2), 
and properties that are attributable to size 
can be seen or retained even when the mate- 
rial or end-product may not necessarily 
exist entirely within the nanoscale (3—7). 
Although one definition for “nanomaterial” 
may offer meaningful guidance in one con- 
text, that definition may be too narrow or 
broad in another. For this reason, FDA is not 
at this time adopting a regulatory definition 
of nanotechnology. Instead, it is initially tak- 
ing a broadly inclusive approach to consider- 
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ing whether FDA-regulated products contain 
nanomaterials or involve nanotechnology. 

FDA recently issued a draft guidance 
for industry on this topic (8) proposing that 
when evaluating whether an FDA-regulated 
product contains nanomaterials or involves 
nanotechnology, FDA and its stakeholders 
should consider the following: Does an engi- 
neered material or end-product have at least 
one dimension in the nanoscale range (~1 
to 100 nm)?; or does it exhibit properties or 
phenomena, including physical or chemi- 
cal properties or biological effects, that are 
attributable to its dimensions, even if these 
dimensions fall outside the nanoscale range, 
up to 1 um? Structures such as agglomerates 
and aggregates are of interest in this context 
(3), as are coated, functionalized, or hierar- 
chically assembled structures (4). This ini- 
tial broadly inclusive approach may become 
more nuanced in light of experience, available 
scientific information (including the agency’s 
own regulatory science research), and public 
input, which will inform any future agency 
issuance of regulatory documents or public 
communication efforts. There may also be an 
opportunity to pursue approaches specifically 
tailored to FDA’s various product areas. 

Until then, industry and developers 
should keep both of these broad size- and 
property-related factors in mind when con- 
sidering whether their products might fall 
within FDA’s attention for nanomateri- 
als and are encouraged to consult with the 
agency early in their development process to 
resolve any uncertainties. 


Evaluating Products Containing Nanomaterials 
Whether a product is subject to premarket 
review (e.g., new drugs, biological prod- 
ucts, certain devices, and food and color 
additives) or not (e.g., cosmetics), industry 
is required to ensure that the product satis- 
fies applicable safety standards and com- 
plies with other applicable requirements. 
Substantiation of safety requires scientific 
evidence. The FDA Nanotechnology Task 
Force made recommendations for a staged 
approach to determining whether current 
tests are adequate to support risk manage- 
ment decisions and where they are not, to 
collect data and update procedures (9). Of 
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A broadly inclusive initial approach may 
become more nuanced in light of experience, 
scientific information, and public input. 


particular importance are the following: 

* routes of exposure, including inhala- 
tion, dermal absorption, and ingestion (e.g., 
as related to cosmetics and foods), as well as 
exposure media (e.g., air, water, and food). 

* properties related to absorption, distri- 
bution, metabolism, and excretion (ADME) 
(e.g., as related to drugs). Because biologi- 
cal interactions may be influenced by size 
changes, this may require additional analyti- 
cal techniques capable of determining physi- 
cal characteristics (e.g., size or aggregation) 
not previously assessed for tissue samples 
collected in ADME studies. 

* size, size distribution, surface charge, 
surface properties, particle interactions, par- 
ticle behavior, purity, stability, and general 
batch-to-batch variability. The new properties 
of materials and products that involve nano- 
materials or applications of nanotechnology 
may require additional product-specific test- 
ing and manufacturing controls. 

For FDA, regulatory science addresses 
these questions and involves developing new 
tools, standards, and approaches to assess the 
safety, efficacy, quality, and performance of 
FDA-regulated products, to help evaluate 
whether products are appropriate for market- 
ing (10). FDA plans to continue to invest in 
a regulatory science program that includes 
such areas as nanomaterial characterization, 
in vitro and in vivo modeling, and product- 
focused research. There may be areas of 
application that deserve special attention, 
such as cosmetics, for which there is no pre- 
market review that requires industry to pro- 
vide the agency with product-specific data. 
For these products, better characterization of 
nanotechnology-based products—as well as 
the development and evaluation of models 
for predicting safety, effectiveness, and qual- 
ity—will help industry fulfill their responsi- 
bility to ensure product safety before market- 
ing and will help FDA in its postmarket sur- 
veillance. There may also be product-specific 
research needs in areas such as novel medical 
products for serious diseases. FDA is sharing 
information, coordinating its activities, and 
combining resources through interactions 
with other U.S. agencies, such as through the 
interagency National Nanotechnology Initia- 
tive (11). FDA is also participating in pub- 
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lic workshops on such topics as risk assess- 
ment and management methods (/2), and 
has formed joint partnerships, including one 
with the National Institutes of Health and the 
National Institute of Standards and Technol- 
ogy, on establishing a transitional pathway 
from nanotechnology discovery research to 
clinical application (/3). 


Ensuring a Responsive Regulatory Framework 
Regulatory agencies around the world are 
considering how best to provide oversight, 
including the development of regulatory def- 
initions and applicability of existing frame- 
works (14-18). FDA does not categorically 
judge all products containing nanomateri- 
als or otherwise involving the application 
of nanotechnology as intrinsically benign 
or harmful. As with other emerging tech- 
nologies, advances in both basic and applied 
nanotechnology science may be unpredict- 
able, rapid, and unevenly distributed across 
product applications and risk management 
tools. Therefore, the optimal regulatory 
approach is iterative, adaptive, and flex- 
ible (19, 20). It is iterative by developing 
and delivering incremental components of 
a regulatory system, such as guidances spe- 
cific to product areas, each as warranted and 
when ready. It is adaptive by providing a 
mechanism, within statutory constraints, to 
change the rules, presumptions, or pathways 
for these regulatory components, in light of 
new information gained from research or 
from experience in regulating earlier prod- 
ucts. And it is flexible by using all available 
means, ranging from workshops to consulta- 
tions to guidances to rules, in order to match 
the burden of regulation to its need. To that 
end, FDA’s regulatory approach will feature 
the following attributes: 

Maintain a product-focused, science- 
based regulatory policy. Technical assess- 
ments will be product-specific, taking into 
account the effects of nanomaterials in the 
particular biological and mechanical context 
of each product and its intended use. Partic- 
ular policies for each product area will vary 
according to the statutory authorities. 

Legal standards for risk vary among 
product classes. Food additives are consid- 
ered safe when there is a reasonable cer- 
tainty of no harm from their intended use 
(21). New drugs, on the other hand, are 
approved on the basis not only of their risk 
profile but also their predicted benefit (22). 
Different legal standards can lead to differ- 
ent regulatory outcomes, even if products 
present similar levels of risk, on the basis of 
applicable standards for safety, efficacy, or 
public health impact. 


Where premarket review authority exists, 
attention to nanomaterials is being incor- 
porated into standing procedures. Premar- 
ket review requires applicants to submit data 
related (where applicable) to product safety, 
regulatory status, effectiveness, or other attri- 
butes. Individual premarket product review 
procedures include attention to whether the 
use of nanomaterials suggests the need for 
additional data on safety, efficacy, or other 
attributes, as applicable. 

Where statutory authority does not pro- 
vide for premarket review, voluntary mea- 
sures are encouraged. Here, FDA has a more 
limited ability to evaluate product safety 
before its entry into commerce. Instead, FDA 
must rely on publicly available or volun- 
tarily submitted information and on postmar- 
ket enforcement activities. In some of these 
cases, the law requires that information relied 
on in establishing safety be publicly avail- 
able. In all cases, FDA encourages industry 
to provide safety information to FDA before 
taking their products to market. Such infor- 
mation can help FDA to advise companies 
and to carry out any necessary postmarketing 
safety oversight. 

Technical advice and guidance to indus- 
try. FDA’s recent draft guidance (8) on con- 
siderations for identifying products con- 
taining nanomaterials is intended to provide 
greater regulatory clarity to industry. As 
needed, FDA will develop additional prod- 
uct-specific guidance documents related to 
the use of nanomaterials in FDA-regulated 
products to assist industry to meet their regu- 
latory and statutory obligations. These guid- 
ances may address interpretation of rele- 
vant statutory and regulatory standards and 
can provide guidance on the technical data 
needed to meet those standards. 

Continued postmarket monitoring. FDA 
will continue to monitor the marketplace for 
products that contain nanomaterials and take 
actions, as needed, to protect consumers. 

Industry obligations. Industry must work 
with current information in product devel- 
opment, and monitor products once mar- 
keted. Industry is encouraged to consult 
early with the agency, which may afford an 
opportunity to clarify the methodologies 
and data that will be needed to meet their 
obligations. Public meetings may be held to 
advance regulatory science, to identify prod- 
uct-specific data needs, and to seek input on 
specific issues. 

Regulating an emerging technology is 
not a unique problem but rather a regularly 
encountered challenge. Flexible, iterative, 
product-focused, science-based approaches 
will be used in a spirit of collaboration to 


facilitate innovation and to fulfill FDA’s mis- 
sion to safeguard the public’s health. 
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OCEAN SCIENCE 


A Dive to Challenger Deep 


Richard A. Lutz and Paul G. Falkowski 


umans have always been fascinated 
H: the deep sea. Early sketches of 

submarines in the 16th century led 
to the construction of the first underwater 
vehicle in 1623. By the 18th century, subma- 
rines were used for warfare. In 1870, Jules 
Verne created a fictional world of sea mon- 
sters and life aboard the mystical submarine 
Nautilus that could descend 20 km into the 
sea. The novel captured the imagination of 
millions of people. 

Reality caught up with fiction on 23 
January 1960, when U.S. Navy Lieutenant 
Don Walsh and Swiss engineer and ocean- 
ographer Jacques Piccard descended in 
the bathyscaphe Trieste more than 10,800 
m to the bottom of the deepest area of the 
world’s ocean, the Challenger Deep in the 
Mariana Trench—and returned home safely. 
However, Trieste was extremely bulky and 
not designed for exploration. On 26 March 
2012, a technologically advanced research 
submersible was finally ready to brave a 
return to the site, and another human made 
that same round trip, reigniting the excite- 
ment of exploring the deep ocean. But what 
James Cameron accomplished during his 7 
hours in the Deepsea Challenger submers- 
ible (see the first figure) was far more than 
just one more journey to “the abyss.” Deep- 
sea Challenger is equipped with a hydrau- 
lic arm for taking samples and has elabo- 
rate lighting and photographic capabilities, 
enabling state-of-the-art research in the 
deepest parts of the ocean. 

The imagination of the scientific commu- 
nity was sparked in 1977, when three occu- 
pants of the submersible deep submergence 
vehicle (DSV) Alvin discovered a chemo- 
synthesis-based ecosystem teeming with life 
at deep-sea hydrothermal vents at a depth of 
2500 m along the Galapagos Rift (/). That 
voyage to the deep was the first in a series of 
ongoing discoveries about the potential of ani- 
mals to sustain life based on symbiotic asso- 
ciations with chemoautotrophic microbes in 
areas of seafloor spreading. It set the stage for 
decades of biological and geological research 
with human-occupied vehicles in arguably the 
most extreme environments on Earth. 
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Since the discovery of these deep-sea eco- 
systems, researchers have spent countless 
hours in research submarines to experience 
firsthand these esoteric organisms in their 
remote environments. The physical reality 
of seeing the deep sea firsthand is totally dif- 
ferent from viewing it on a television screen 
on the deck of a ship. Scientific exploration 
of these communities has stimulated inter- 
actions among scientists across many disci- 


Life under pressure. This specimen of Hirondellea 
gigas was collected by ROV Kaiko at a depth of 
10,920 m in the Challenger Deep. 
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A recent manned dive to the bottom of 
the Mariana Trench heralds new scientific 
discoveries. 


Into the deep. The DSV Deepsea Chal- 
lenger, the one-man deep-diving sub- 
marine built by James Cameron, pho- 
tographed on 1 April 2012 by the 
unmanned lander, deep ocean vehicle 
(DOV) Mike, built by Scripps Institution of 
Oceanography/University of California, 
San Diego. The pair met up at a depth 
of 1500 m on a checkout dive off Ulithi 
Atoll after Cameron’s dive to the bottom 
of the Challenger Deep, East Pond, Mari- 
ana Trench, on 26 March 2012. 


plines. Their collective and inter- 
active research has provided clues 
to the origin of life, the reasons 
behind the phenomenal rates of 
mineral deposition and organ- 
ism growth in vent environments 
(2, 3) and the possibility of life on 
extraterrestrial bodies (4). 

The deepest-diving human- 
occupied research submersibles 
in today’s scientific fleets can 
descend to depths of ~7000 m, 
thus covering more than 99% 
of the world’s seafloor environ- 
ments. However, 16 trenches 
throughout the world’s oceans are 
deeper than 7000 m (5). Camer- 
on’s extraordinary feat shows that 
technology has advanced to the point where 
a vehicle can safely transport its occupant or 
occupants to the deepest depths of the ocean, 
providing access to areas that remain essen- 
tially unexplored. 

In one of the few reported studies of sea- 
floor ecosystems below 7000 m, Fujikura et 
al. used the Japanese unmanned remotely 
operated vehicle (ROV) Kaiko to explore 
and sample a dense, chemosynthetic-based 
community dominated by a previously unde- 
scribed species of a thyasirid bivalve, Maori- 
thyas hadalis, at a depth of 7326 m in the 
Japan Trench (6). Yayanos et al. (7) isolated 
an obligate barophilic (“pressure-loving”) 
microorganism from an amphipod collected 
in the Mariana Trench at a depth of 10,500 m 
with an insulated trap. The strain grew rela- 
tively well at 1000 atm and 2°C (the condi- 
tions at the bottom of the Mariana Trench), 
compared with its optimal growth at 690 atm. 
It failed to grow below 350 atm. 

In 1996, ROV Kaiko performed its first 
sampling dive in the Mariana Trench (see the 
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second figure). From sediments collected at 
a depth of 10,898 m during this dive, Kato et 
al. (8) isolated two strains of obligately baro- 
philic bacteria. Growth of these isolates was 
optimal between 700 and 800 atm, with no 
growth detected below 500 atm. From sedi- 
ment samples collected at the same depth in 
the Mariana Trench, Pathom-aree et al. iso- 
lated 38 strains of actinomycetes (a group of 
Gram-positive bacteria) (9). 

The few bioactive compound screening 
studies reported to date on deep-sea actino- 
mycetes have yielded extraordinary results. 
Unique compounds isolated from an actino- 
mycete inhabiting deep-sea sediments in the 
South China Sea have shown potent activities 
against three tumor cell lines and also showed 


antibacterial activities (10). Compounds iso- 
lated from another deep-sea actinomycete 
exhibited cytotoxicities against five different 
human cancer cell lines (//). 

Given the ongoing scientific interest in 
chemosynthetic communities, questions con- 
cerning the adaptations and tolerance of baro- 
philic organisms to extreme pressures, and 
the potential medical and economic interest 
in deep-sea microbes and other organisms 
(2), the largely unexplored ocean environ- 
ments at depths greater than 7000 m are fertile 
grounds for scientific exploration. With Cam- 
eron’s recent journey to the Challenger Deep, 
the world now has a new technology (see the 
first figure) capable of transporting humans to 
these extreme high-pressure environments. 
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APPLIED PHYSICS 


Solution-Processible Electrodes 


Michael G. Helander 


lectronics based on thin-film organic 
Hose offer the promise of low-cost 
flexible solar cells, displays, and light 
sources that have the potential to be manufac- 
tured on large-area plastic substrates via roll- 
to-roll printing techniques (/). These exciting 
applications are made possible by the relative 
ease of processing of organic compounds rel- 
ative to traditional inorganic semiconductors 
such as silicon. Unfortunately, fabricating 
these organic-based devices is still prohibi- 
tively expensive because they require several 
costly vacuum-processing steps to manufac- 
ture. One of the key barriers to eliminating 
these steps, in order to realize a low-cost, all 
solution-processed device, is finding a suit- 
able low—work function electrode material to 
replace the reactive metals that are typically 
used, such as calcium, magnesium, or alumi- 
num. On page 327 of this issue, Zhou ef al. 
(2) report on a general method of engineer- 
ing low—work function electrode surfaces by 
means of polymeric surface modifiers con- 
taining simple aliphatic amine functional 
groups. Their method is applicable to a wide 
range of different electrode materials and can 
also be used in most state-of-the-art high- 
efficiency organic electronic devices, includ- 
ing organic solar cells, organic thin-film tran- 
sistors, and organic light-emitting diodes. 
Although the measurement of the work 
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function of a material was first reported more 
than a century ago (3, 4) as part of an observa- 
tion of the photoelectric effect, new methods 
of engineering stable low—work function sur- 
faces are still at the forefront of scientific dis- 
covery. The difficulty in realizing a suitably 
stable material is that the work function—the 
minimum energy required to remove an elec- 
tron from the surface of a solid—scales with 
the electronegativity of the atoms in the bulk 
(5). As a result, low—work function materi- 
als are inherently more reactive and therefore 
typically require vacuum processing to pre- 
vent oxidation of the electrode contacts. 
Zhou et al. circumvented this problem of 
surface oxidation by starting with more stable 
high—work function materials, such as gold, 
and then reducing the electrostatic potential 
at the surface [work function scales with elec- 
trostatic potential (6)] by adding a thin coat- 
ing of polymer surface modifier. Although 
this approach has been used before, previ- 
ous surface modifiers have relied on specific 


Polymer-coated surfaces may provide 
a low-cost route for processing and fabricating 
organic-based electronic devices. 


The right solution. The method of polymer-modified 
surfaces reported by Zhou et al. provides the potential 
to manufacture low-cost solution-processed organic 
electronics such as an all-polymer solar cell. 


chemical interactions between the modifica- 
tion layer and the electrode surface, which 
only works for particular material combina- 
tions. In contrast, Zhou ef al. used air-stable 
polyethylenimine (PEI) polymers, tradition- 
ally used for enzyme immobilization and car- 
bon sequestration, that strongly physisorb to 
a wide range of different materials, includ- 
ing metals, oxides, polymers, and graphene. 
Because PEI is a cationic polymer, it strongly 
reduces the surface electrostatic potential 
when applied as a thin surface modification 
layer, thus lowering the work function. 

Zhou et al. demonstrated the utility of their 
method by incorporating low—work func- 
tion PEI-modified electrodes into various 
electronic devices, including simple organic 
diodes, organic solar cells, organic thin-film 
transistors, oxide thin-film transistors, and 
organic light-emitting diodes. Remarkably, 
the performance of the PEI-modified elec- 
trodes was comparable to that of standard 
low—work function metal contacts in most of 
these devices. Even more impressive, using 
PEI to lower the work function of the conduc- 
tive polymer PEDOT:PSS [poly(3,4-ethyl- 
enedioxythiophene):poly(styrenesulfonate)], 
they fabricated an all-polymer solution-pro- 
cessed organic solar cell in which the sub- 
strate, anode, active layer, and cathode are 
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all polymers (see the figure). Although Zhou 
et al. have made an appreciable step toward 
eliminating the costly vacuum deposition of 
low—work function metal electrodes, there is 
still much work to be done before low-cost 
roll-to-roll printing of organic electronics is 
fully realized. 

The long-term stability and device life- 
time of low—work function PEI-modified 
electrodes needs to be examined in vari- 
ous organic electronic devices. The prelimi- 
nary lifetime testing data reported by Zhou 
et al. for an organic solar cell are promis- 
ing, but longer-term testing on packaged 


devices operating under real conditions 
needs to be performed to ensure that the 
electrodes are stable for the lifetime of any 
commercial product in which they may be 
used. From a practical point of view, it is 
still not clear whether scale-up of solution- 
processing techniques for organic electron- 
ics to mass production is truly viable. For 
example, state-of-the-art flat-panel displays 
are manufactured on large-area substrates 
(2.2 m x 2.5 m); to date, only vacuum-pro- 
cessing techniques can handle such sub- 
strates with adequate uniformity, yield, 
and throughput time. Nonetheless, with 


PERSPECTIVES 


the strong and growing momentum behind 
organic electronics, the present barriers to 
low-cost flexible devices are poised to be 
overcome in the near future. 
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PSYCHOLOGY 


Tapping into the Wisdom of the 
Crowd—with Confidence 


Ralph Hertwig 


f research in psychology had a Dr. 
[= and Mr. Hyde Award, it would go 

to—drum roll, please—the group as a 
decision-making instrument. Since the late 
19th century, the group (also known as jury, 
team, crowd, and swarm) has been deplored 
as a source of intellectual inferiority (/) and 
disastrous policy decisions (2) and hailed as 
a source of near-magical creativity (3) and 
unparalleled wisdom and forecast accuracy 
(4, 5). Some of these attributions have proved 
to be unfounded. For instance, with respect 
to creative potential, groups that engage in 
brainstorming lag hopelessly behind the same 
number of individuals working alone (6). The 
key to benefiting from other minds is to know 
when to rely on the group and when to walk 
alone. On page 360 of this issue, Koriat (7) 
explores the value of individual confidence in 
group decision-making. 

After a medical test, the physician tells 
you that the results suggest a worrying abnor- 
mality. Despite the doctor’s high confidence 
in her conclusion, you seek a second opin- 
ion. The second physician believes that the 
cause is probably benign. But his level of 
confidence is lower than the first physician’s. 
Whose opinion should you believe? 

Koriat’s analysis speaks to such dilem- 
mas. Presenting his participants with infer- 
ence tasks involving two alternatives (such as 
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which of two countries has a larger area), he 
shows that members of dyads—and, by exten- 
sion, larger groups—can tap into the wisdom 
of two heads even in the absence of social 
interaction by using a simple heuristic: Select 
the response expressed with the higher—or 
in the case of more than two heads, highest— 
degree of confidence. 

This maximum-confidence slating 
(MCS) heuristic enables humans to benefit 
from the presence of two or more opinions 
in choice tasks. Another simple and highly 
adaptive combination tool in choice tasks is 
the majority rule, but it requires at least three 
opinions (8). In estimation tasks, no combi- 
nation strategy rivals the intelligent simplic- 
ity of averaging, which exploits the benefit 
of error cancellation (9). 
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The subjective confidence of individuals in 
groups can be a valid predictor of accuracy 
in decision-making tasks. 


Why and when does the MCS heuristic 
work? By using the subjective confidence of 
each judge in the accuracy of their response, 
the heuristic flexibly adopts the opinion of 
one or the other judge. It does not bet that the 
same person will always be the best judge 
(while not precluding this possibility), but 
rather adaptively aligns itself with the judge 
who produces the most confident response 
in a given trial. In his first two experi- 
ments, Koriat shows that using this heuristic 
enables a level of inferential accuracy that 
is substantially higher than that achieved 
by the dyad’s higher-performing member. 
Furthermore, a person who responds to the 
same task twice, separated by an interval 
and thus enabling variability (for example 
by forgetting), can boost accuracy by select- 


B Majority opinion 


Positive 
correlation 


Valid predictor 
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Criterion Kind environment Confidence 


The role of confidence. In “wicked” environments (A), in which confidence correlates positively with the majority 
opinion (red dots) and the majority opinion correlates negatively with the criterion (correct response), confidence 
is an invalid predictor of the criterion. In contrast, Koriat shows that relying on the more confident response of a 
virtual dyad fosters accuracy in “kind” environments (B), in which confidence correlates positively with the major- 
ity opinion (green dots), and the latter correlates positively with the criterion. 
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ing the response in which he has higher con- 
fidence, thus exploiting the wisdom of the 
crowd in a single mind (/0). 

The fact that a judge’s confidence can be 
a valid predictor of accuracy is remarkable in 
light of the bad reputation that subjective con- 
fidence has acquired in many areas of psy- 
chology and behavioral economics. Numer- 
ous studies (//) have found that people’s con- 
fidence in the accuracy of their judgments or 
predictions is systematically greater than the 
judgments’ actual accuracy. 

However, according to proponents of an 
ecological approach to understanding the 
human mind (72), overconfidence does not 
reflect faulty cognitive software. Rather, it 
results from experimenters’ frequent prac- 
tice of sampling questions in such a way that 
otherwise sound knowledge results in wrong 
inferences. For instance, one does not need to 
know much about the populations of French 
cities to infer correctly that Paris has more 
residents than Toulouse: Paris is the capital 
of France, and in many countries the capital 
is the largest metropolis. Yet the “capital” cue 
can suggest a wrong inference. For instance, 
residents of Zurich outnumber those of Bern, 
but the latter is the Swiss capital. Many dis- 
agreements in psychology about the real- 
ity and significance of overconfidence can 
be traced to how experimenters select their 
stimuli (such as knowledge questions) (/3). 


Koriat elegantly integrates this ecologi- 
cal approach to confidence with research on 
the wisdom of the crowd. His third and fourth 
experiments show that when tasks are sam- 
pled such that misleading ones are overrep- 
resented, the accuracy of the MCS heuristic 
falls below that of each individual. In such 
“wicked” environments (see the figure, panel 
A), betting on the more confident response 
ceases to be adaptive. In contrast, in “kind” 
environments (/4) (panel B), the MCS heu- 
ristic tops the better individual. 

So what should one make of conflicting 
medical opinions? That depends on whether 
the medical world represents a predominantly 
wicked or kind environment and whether you 
can tell one from the other, which raises two 
questions for future research. First, is it possi- 
ble to sort environments according to whether 
or not shared knowledge and majority opin- 
ions are more often right than wrong? One 
variable that may enable such classification is 
the degree to which an environment involves 
competitive or cooperative interactions (/5). 
Second, are there probabilistic cues that can 
help to distinguish between kind and wicked 
environments (or help to infer whether the 
experimenter selected questions to trick us)? 
If so, an adaptive decision-maker can strategi- 
cally choose between Koriat’s MCS heuristic 
and its opposite: Select the response expressed 
with the lower degree of confidence. 


In the absence of such cues, and given that 
human communication norms (/6) presum- 
ably give rise to common knowledge that is 
more likely true than not, Koriat has sound 
advice: Take the more confident response. 
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CANCER 


Heterogeneity and Tumor History 


Darryl Shibata 


Il cells are almost perfect copies of 

prior cells. Imperfect DNA replica- 

tion creates random variation, which 
is the substrate for evolution. Such differ- 
ences may be small [normally about one new 
mutation per human cell division (/)], but 
the accumulation of mutations over time can 
eventually transform a single cell. Progeny of 
this first transformed cell expand by bifurcat- 
ing branching cell division (see the figure) to 
form visible billion-cell clonal tumor popu- 
lations. Each one of these cancer cells is an 
almost perfect copy of the first transformed 
cell. Given this scenario, different genetic 
alterations in different parts of the same can- 
cer should be found in most tumors. Such 
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intratumor heterogeneity has been found in 
many cancers, but its true extent is becoming 
much more evident with the unprecedented 
ability to sequence genome-wide many times 
(deep sequencing). 

Intratumor heterogeneity has been found 
whenever deep sequencing has been appro- 
priately applied to different parts of the same 
cancer for the colon, pancreas, breast, and 
blood (2-5). The recent study by Gerlinger 
et al. (6) highlights this phenomenon, as 
over half the mutations in multiple different 
parts of the same advanced renal cell carci- 
noma (primary tumor and its metastases) 
were different. Topographical differences in 
chromosome copy-number variations and 
gene expression signatures were also readily 
found, indicating that with high-resolution 
methods, intratumor heterogeneity is pres- 
ent wherever one looks. 


What can genomic heterogeneity within 
a single tumor reveal about the tumor’s 
evolution and its diagnosis? 


One conclusion drawn from this baffling 
intratumor heterogeneity is that applying 
molecular signatures of prognosis or therapy 
to individual patients will be extremely diffi- 
cult because the “answer” will vary depend- 
ing on what part of the tumor is sampled (7). 
Analyzing more biopsies and sequencing 
even deeper are likely to reveal even more 
abnormalities and heterogeneity. Because all 
genomes are almost perfect copies of prior 
genomes, potentially the history of a tumor 
is encoded by its heterogeneity. With a simple 
molecular clock hypothesis (the number of 
differences between two genomes increases 
with the number of divisions since a com- 
mon ancestor), the heterogeneity within and 
between different parts of the same tumor 
can indicate how long ago transformation 
occurred and how cancer cells spread and 
migrate during progression. Heterogeneity 
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can be a list of mutations 
and a language of change. 

One way to illustrate 
tumorigenesis is with 
ancestral trees, whose 
shapes can be inferred by 
comparing mutations in 
different parts of the same 
cancer (see the figure). 
Driver mutations (those 
that are causally implicated 
in oncogenesis) are thera- 
peutic targets, but most of 
the historical information 
is encoded by the much 
more numerous passen- 
ger mutations (those that 
do not alter the fitness of 
a cell). Mutations can also 
be classified as founders 
or “public” (present in all 
cancer cells), “semipri- 
vate” (present in a detect- 
able fraction of cancer 
cells), or “private” (pres- 
ent in a single or few can- 
cer cells). Public mutations 
accumulate between the 
zygote and the first trans- 
formed cell, whereas pri- 
vate mutations arise after 
transformation. The spread of a private 
mutation depends both on its selective value 
and when it was acquired after transforma- 
tion. Current tumor sampling cannot eas- 
ily determine whether private mutations are 
present in every cell (a single subclone) or 
in different cells (multiple subclones) within 
a small biopsy. Interestingly, at even finer 
physical resolution, genomic heterogeneity 
is still present within single cancer glands 
or between adjacent cancer cells (8, 9), sug- 
gesting that many private mutations lack 
sufficient driver value to confer much local 
dominance. In the absence of selection, het- 
erogeneity becomes a function of time, error 
rates, and random drift. 

Driver mutations that confer selective 
advantages reduce heterogeneity through 
clonal evolution. A newly emerged tumor 
cell population has relatively few pri- 
vate mutations, but more will accumulate. 
Therefore, private mutation frequencies can 
encode the relative age of a human tumor— 
the greater the heterogeneity, the greater the 
time since transformation. The amount of 
tumor heterogeneity has clinical implica- 
tions for chemotherapy. Targeted therapies 
should be directed at public driver mutations 
present in all cancer cells, but the probabil- 
ity of drug-resistant variants increases with 


Private 
mutations 


Public 
mutations 


First 
transformed 
cell 


Present-day tumor population 


cell division (/0). Therefore, a more het- 
erogeneous tumor with many private muta- 
tions is more likely to fail chemotherapy. 
The renal carcinoma data (6) illustrate this 
point. Tumor size and tumor heterogeneity 
were maintained despite therapy with evero- 
limus, an mTOR inhibitor. More effective 
chemotherapy would be expected to cause 
more severe genetic bottlenecks by killing 
the majority of cells and their private muta- 
tions, thereby reducing the genetic diver- 
sity of the surviving cancer cells. By con- 
trast, less initial heterogeneity and a greater 
bottleneck effect were apparent after leuke- 
mia chemotherapy (5), a treatment that often 
results in cures. 

Heterogeneity cannot be fully sampled 
because of the logistical difficulties of 
obtaining a complete tumor “physical,” but 
translating heterogeneity into inferred tumor 
“histories” provides an alternative roadmap 
for personalized cancer diagnosis and treat- 
ment. Initial studies of tumor heterogeneity 
have begun to reconstruct exactly how indi- 
vidual human cancers evolve, branch, and 
spread (2-6). For example, the topographi- 
cal heterogeneity in present-day pancreatic 
cancer cells is consistent with initiation on 
average about 20 years ago and metastasis 
about 3 years ago (3). Instead of generating 
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Mutation history. Tumorigen- 
esis can be represented by an 
ancestral tree that starts from 
the zygote and ends with pres- 
ent-day cancer cells. Mutations 
(circles) accumulate with cell 
division and can be classified as 
public or private. Tumor hetero- 
geneity is an inherent outcome 
of branching cell division, with 
the amount of genomic hetero- 
geneity dependent on the time 
after transformation and how 
cancer cells divide and migrate. 
It should be possible to infer the 
past by characterizing mutations 
in different parts of the same 
tumor. The past, as recorded 
in the multiple heterogeneous 
genomes within a tumor, may 
help predict its future. 


Many replications 


increasingly long lists of 
mutations, genomic alter- 
ations could be distilled 
into better patient-specific 
tumor histories with rela- 
tively simple outputs— 
how long ago transforma- 
tion occurred, and how and 
when their tumors spread. 
Reading this fundamen- 
tal information may pro- 
vide actionable clues for treatment and pre- 
vention because like many human diseases, 
tumors with the same histories may have rel- 
atively predictable futures. Moreover, serial 
biopsies can help monitor treatment by mea- 
suring reductions in heterogeneity expected 
with more effective therapies. How to best 
reconstruct the histories written in tumor 
genomes is uncertain, with many challenges 
in developing optimal sampling schemes 
and algorithms. However, taking the addi- 
tional time and effort to obtain a good tumor 
history may help make more sense of the 
multiple physical alterations in a cancer, and 
bring more effective personalized medicine 
to its unfortunate host. 
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DEVELOPMENT 


Making Waves for Segments 


Siegfried Roth and Kristen A. Panfilio 


ithout a frame of reference, it is 

difficult to know what is moving. 

The first step is to make the moving 
object visible. On page 338 of this issue, Sar- 
razin et al. (1) have done just that to address a 
long-standing question about the evolution of 
segmentation in bilaterian animals. 

Three prominent branches of the tree 
of life have a segmented body plan along 
the head-to-tail axis (2). Whether it is the 
repeated muscle blocks in vertebrate abdo- 
mens, the visible “rings” for which annelid 
worms are named, or the many leg-bearing 
segments of centipedes (arthropods), ani- 
mals in these groups share a modular body 
structure. However, each group has closely 
related unsegmented relatives. What the 
common ancestor of all bilaterally symmet- 
ric animals (Urbilateria) looked like—and 
whether segmentation emerged indepen- 
dently in each lineage—has been an ongo- 
ing debate. One way to address this ques- 
tion is through a molecular understanding 
of how the body segments are formed dur- 
ing embryonic development. The extent to 
which they use the same developmental pro- 
gram informs the likelihood that this repre- 
sents a shared ancestral feature. 

The most complete causal analysis of 
segmentation has been achieved for the fruit 
fly Drosophila melanogaster, where all seg- 
ments are formed simultaneously during 
early embryogenesis (3). This occurs through 
a hierarchical network of genes that specify 
progressively more refined domains. Surpris- 
ingly, this process does not use oscillatory 
mechanisms. At the level of the first period- 
ically expressed genes (the pair-rule genes, 
with double segmental periodicity), each 
“stripe” of expression is specified indepen- 
dently by direct input from nonperiodically 
expressed regulators. Thus, periodicity in the 
expression of a gene across the embryo is the 
secondary result of a nonperiodic process. 

By contrast, segmentation in vertebrates 
occurs sequentially within a posterior growth 
zone. Molecular oscillators generate waves 
of gene expression that determine segmental 
periodicity. Despite unresolved questions, a 
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three-tier model has emerged of the vertebrate 
segmentation clock (4): growth zone cells har- 
bor cell-autonomous oscillators based on neg- 
ative transcriptional feedback circuits; these 
oscillators are synchronized by short-range 
cell-to-cell communication; and the synchro- 
nized oscillations are globally controlled by 
long-range signaling gradients emerging from 
boundaries of the growth zone. The interplay 
of these processes generates kinematic waves 
of gene expression that sweep through the 
growth zone, with a defined speed and time of 
termination that specify the size and number 
of single segmental units. 


A Moving gene expression 
Time 
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Gene expression on the move. (A) In vertebrates 
and some arthropods, high levels of gene expres- 
sion (dark orange) pass through embryonic tissue in 
sequential waves, such that expression fluctuates in a 
given cell (numbered circles; the color gradient indi- 
cates high to low expression). (B) A Tribolium beetle 
embryo is illustrated showing three primary stripes 
of expression of the transcription factor odd-skipped 
(odd). The posterior growth zone might harbor a cell- 
autonomous oscillator, comprising three transcription 
factors: even-skipped (eve), runt (run), and odd. 


Beetle embryo 


Gene 
expression 


Vertebrates and arthropods share a common 
molecular mechanism for controlling body 
segmentation during development. 


Because the Drosophila and vertebrate 
modes of segmentation are radically differ- 
ent, it is impossible to make inferences about 
common ancestry. However, unlike Dro- 
sophila, most arthropods do not form their 
segments simultaneously (3). Rather, like 
vertebrates, posterior segments are added 
sequentially from a growth zone. This so- 
called short-germ mode of segmentation in 
insects differs from the long-germ mode seen 
in Drosophila. Indeed, there is molecular 
and functional evidence for a segmentation 
clock in spiders, centipedes, and some short- 
germ insects (3, 5). What has been missing 
is the direct demonstration of waves of gene 
expression passing through the growth zone, 
which would indicate kinematic waves pro- 
duced by cellular oscillators. This has now 
been achieved in a nonvertebrate, the red 
flour beetle, Tribolium castaneum. 

Sarrazin et al. produced transgenic Tribo- 
lium beetles in which all cells of the develop- 
ing embryo are labeled fluorescently; they also 
developed methods for culturing the embryo 
outside of the egg. This allowed the authors to 
generate time-lapse video data to determine 
patterns of cell movement. At the same time, 
careful culturing of bisected embryos allowed 
comparison of gene expression at different 
time points in a single embryo, eliminating 
inter-embryo variability. Thus, Sarrazin et 
al. determined the periodicity of waves of 
gene expression (95 min) and demonstrated 
that on this time scale, cell movements can- 
not account for the changing gene expression 
patterns. Rather, it is gene expression that 
moves relative to the cells (see the figure). As 
expected for a kinematic wave, the authors 
observed that a given cell will undergo cycles 
of high and low gene expression over time in 
what constitutes genuine molecular oscilla- 
tions, which generate a double segmental pat- 
tern. Thus, as in Drosophila, initial periodic- 
ity comprises a two-segmental unit, but as in 
vertebrates, this is achieved through an oscil- 
latory mchanism. The feedback loop among 
three transcription factors (encoded by pair- 
rule gene orthologs) provides a candidate for 
the cell-autonomous oscillator (6). 

Tribolium has become the best system 
after Drosophila for functional studies in 
insects. Its genome is sequenced, and clas- 
sical and transposon-mediated mutagene- 
sis, transgenesis, and RNA interference are 
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established techniques for functional investi- 
gation (7). Moreover, Sarrazin et al. demon- 
strate that Zribolium is amenable to embryo 
culture and live imaging. Beetles belong to 
the large group of holometabolous insects 
(those undergoing metamorphosis) that also 
includes Drosophila. The majority of insect 
orders within this group, even some fami- 
lies of beetles, are long-germ insects (8). A 
deeper understanding of the Zribolium mode 
of segmentation will provide the basis for 
understanding the transition between short- 
germ and long-germ modes of segmenta- 
tion—a fascinating problem for the evolution 


of complex regulatory gene networks. Mor- 
phologically, the growth zone of Tribolium is 
similar to that of representatives from more 
basally branching insect lineages and nonin- 
sect arthropods. Work on Tribolium should 
help to answer the question of whether there 
is acommon clock mechanism within arthro- 
pods, providing the basis for broader compar- 
isons with other phyla. The brief live imag- 
ing analysis of Sarrazin et al. suggests that the 
next step—exit from the oscillating growth 
zone region as newly formed segments 
mature—is another key aspect for which the 
integration of cell tracking and gene expres- 
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sion analyses will pay dividends in Tribolium. 
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EVOLUTION 


Toward an Alternative Biology 


Gerald F. Joyce 


enetics provides a mechanism for 

molecular memory and thus the basis 

for Darwinian evolution. It involves 
the storage and propagation of molecular 
information and the refinement of that infor- 
mation through experience and differen- 
tial survival. Heretofore, the only molecules 
known to be capable of undergoing Darwinian 
evolution were RNA and DNA, the genetic 
molecules of biology. But on page 341 of 
this issue, Pinheiro ef al. (7) expand the pal- 
ette considerably. They report six alternative 
genetic polymers that can be used to store and 
propagate information; one of these was made 
to undergo Darwinian evolution in response to 
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imposed selection constraints. The work her- 
alds the era of synthetic genetics, with impli- 
cations for exobiology, biotechnology, and 
understanding of life itself. 

These first steps outside of biological 
genetics are modest ones, involving XNA 
molecules, where NA stands for nucleic acid 
and X refers to the sugar moiety or its substi- 
tute. The compounds are analogs of biological 
nucleic acids (see the figure, panel A). How- 
ever, the sugar or sugar-like component is not 
the ribose found in RNA or the deoxyribose 
found in DNA. It has been replaced by a dif- 
ferent five-carbon sugar (arabinose in ANA, 
2’-fluoroarabinose in FANA), a four-carbon 
sugar (threose in TNA), a “locked” ribose 
analog in LNA, or a six-member ring struc- 
ture (cyclohexene in CeNA, anhydrohexitol in 
HNA) (see the figure, panel B). 


ANA FANA 
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The fundamental processes of genetics have 
been captured with synthetic molecules. 


The study of XNAs has been inspired 
by the question of what was the first genetic 
polymer of life on Earth. Perhaps this was 
RNA, but it may have been a simpler struc- 
ture that was more readily accessible through 
prebiotic synthesis (2). TNA and glycol 
nucleic acid (GNA) are prime candidates (3, 
4). Another inspiration for the study of XNAs 
is their application as antisense agents that 
bind to and thereby inhibit the function of 
biological RNAs. All six XNAs studied by 
Pinheiro et al. bind to complementary RNA 
and DNA and are resistant to degradation by 
biological nucleases. Finally, construction of 
genetic systems based on alternative chemi- 
cal platforms may ultimately lead to the syn- 
thesis of novel forms of life. For that goal to 
be realized, the XNA must be able to catalyze 
its own replication, without the aid of any 


Reverse transcribe 
OP 
XNA DNA 
Forward transcribe 


PCR amplify 


XNA analogs of nucleic acids. DNA is com- 
posed of a deoxyribose—phosphate backbone 
and the standard four bases (A). Pinheiro et 
al. show that through transcription using engi- 
neered polymerases, DNA can be copied to vari- 
ous XNAs that are analogs of the DNA structure 
(B). Black, red, and green balls indicate carbon, 
oxygen, and fluorine atoms, respectively. These 
XNAs can in turn be reverse transcribed to DNA 
using other engineered polymerases. The cur- 
rent XNA amplification process relies on PCR 
amplification of a DNA intermediate (C). 
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biological molecules, and thus be capable of 
undergoing Darwinian evolution in a self- 
sustained manner. 

Pinheiro et al. have made great progress 
in showing that various XNAs can function 
as synthetic genetic polymers, but they have 
not yet realized a synthetic genetic system. 
In their system, the XNAs are replicated by 
reverse-transcribing them to DNA, amplify- 
ing the DNA using PCR, and then forward- 
transcribing the DNA back to XNA (see the 
figure, panel C). Each step uses a polymerase; 
amplification takes place with DNA. Another 
recent paper showed the storage and propaga- 
tion of genetic information in TNA, but there, 
too, amplification occurred with DNA (5). 

The key innovation of Pinheiro et al. is 
their use of sophisticated protein engineer- 
ing techniques to develop variant polymer- 
ases that are adept at copying information 
between XNAs and DNA. They show that 
XNA polymers containing more than 70 
subunits and having almost any sequence 
can be copied to and from DNA, with an 
average fidelity per subunit ranging from 
95% (for LNA) to 99.6% (for CeNA). These 
attributes are sufficient to carry out the 
directed evolution of functional XNA mol- 
ecules. The authors demonstrate this pro- 
cess for HNA polymers, which they evolved 
in the laboratory to obtain functional mole- 
cules (aptamers) that bind tightly and specif- 
ically to a particular RNA or protein target. 


Pinheiro et al. give some hint of what will 
come next. They have begun to apply the same 
protein engineering techniques to develop 
polymerases that can copy an XNA to its own 
complement or copy information between two 
different XNAs. So far, both FANA and CeNA 
have been copied to their own complement 
and CeNA has been copied to HNA, but these 
processes are much less efficient than copying 
information between XNA and DNA. 

Future studies are likely to yield improve- 
ments of the various XNA-to-XNA copy- 
ing reactions. It also seems only a matter of 
time before there will be the first reported 
“XNAzyme’—a catalyst composed of XNA 
rather than protein or standard nucleic acid. 
A key aim will be the development of XNA- 
zymes that catalyze the templated joining of 
XNA oligomers and ultimately the polymer- 
ization of XNA monomers. Synthetic biology 
studies of XNA may never catch up to those 
involving RNA because the former require 
more challenging preparative and analytical 
procedures and do not benefit from the techni- 
cal infrastructure that supports RNA research. 
However, the comparative biochemistry of 
various XNA systems is itself a worthy pur- 
suit, enabling one to investigate principles of 
macromolecular structure, molecular recog- 
nition, and catalysis across a series of related 
chemical polymers. 

Another important reason to pursue the 
development of functional XNAs is to obtain 


compounds with potential applications in 
materials science, molecular diagnostics, 
and therapeutics. Nucleic acid aptamers have 
been widely adapted for these purposes, but 
because RNA and DNA are susceptible to 
biological nucleases, they must be modified 
to withstand exposure to the natural world. 
XNAs are unnatural and would pass through 
the biosphere unscathed. The benefits of their 
unusual chemical properties must be weighed 
against their greater cost, both literally and 
with regard to operating in the uncharted 
waters of XNA biochemistry. 

As one contemplates all the alternative 
life forms that might be possible with XNAs 
and other more exotic genetic molecules, the 
words of Arthur C. Clarke come to mind. In 
2010: Odyssey Two, HAL the computer tells 
humanity: “All these worlds are yours” but 
cautions: “Except Europa. Attempt no land- 
ings there” (6). Synthetic biologists are begin- 
ning to frolic on the worlds of alternative 
genetics but must not tread into areas that have 
the potential to harm our biology. 
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Visualizing Amyloid Assembly 


David Eliezer 


rdered amyloid fibril protein aggre- 

gates are a hallmark of a class of 

human diseases that includes Par- 
kinson’s and Alzheimer’s. How proteins 
assemble into these structures is poorly 
understood (/) but is thought to play a direct 
role in disease. Two recent studies provide 
key insights into this problem. On page 362 
of this issue, Neudecker et al. (2) have visu- 
alized the changes that convert a normally 
soluble protein into an aggregation-prone 
amyloid precursor. Laganowski et al. (3) 
have described the structure of a subsequent 
oligomeric amyloid intermediate of the 
kind currently believed to be responsible for 
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amyloid-associated toxicity (4). 

Neudecker et al. report a detailed char- 
acterization of an amyloid precursor, reveal- 
ing structural changes that precede aggre- 
gation. The results were obtained through 
a combination of nuclear magnetic reso- 
nance (NMR) spectroscopy and computa- 
tional algorithms that enabled visualization 
of this precursor, even though it appears so 
rarely that its characteristics cannot be mea- 
sured directly by NMR. To better under- 
stand their approach, a loose analogy can 
be made between NMR spectroscopy and 
music. Each nucleus in the molecule can 
be considered to represent an instrument, 
and the spectrum of the protein is a snap- 
shot of the melody played by the orchestra. 
Each instrument contributes a single note or 
resonance frequency—the latter reflecting 


Specific precursor states formed from soluble 
native proteins have been identified as leading 
to oligomerization and amyloid formation. 


the location of the associated nucleus in the 
protein relative to nearby nuclei. 

However, some instruments spend a small 
fraction of the time playing a different tune, a 
harmony of sorts, that corresponds to a rare 
excited state, or alternative conformation 
adopted by the protein, which alters the posi- 
tions of the nuclei and hence their frequen- 
cies. Each alternate note is too faint to be 
heard directly but has a detectable influence 
on the timbre, or spectral envelope, of the cor- 
responding melodic part. By measuring this 
effect, Neudecker et al. recreated the notes of 
the faint harmony (5) and then used a com- 
puter algorithm (6) to allow them to deter- 
mine what arrangement of the instruments, or 
nuclei, would most optimally reproduce each 
note. The result is a detailed description of the 
position of each nucleus in the excited state 
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of the protein, that is to say, a structure of the 
amyloid precursor state. 

The key feature revealed is the rear- 
rangement of the final four amino acids of 
the 60—amino acid protein chain. Normally, 
this region forms a strandlike conformation, 
strand 5, that is hydrogen bonded, or woven, to 
another strand formed by the first few amino 
acids of the protein (strand 1) as part of a B 
sheet. Strand 5 caps the edge of this sheet of 
strands and contains the amino acid proline, 
which causes a kink that prevents the addi- 
tion of any further strands. This mechanism 
is one that nature uses to prevent the addition 
of strands from different protein chains (7). 
In the amyloid precursor structure, strand 5 is 
unraveled and no longer able to prevent fur- 
ther strand addition. Indeed, when Neudecker 
et al. designed a version of their protein miss- 
ing the last four amino acids, this form spon- 
taneously assembled into amyloid fibrils, 
confirming the protective role of strand 5. A 
computational analysis highlighting protein 
regions with a propensity for aggregation (8) 
confirmed that strand 5 is a poor mediator 
of aggregation, whereas strand 1, uncovered 
in the amyloidogenic precursor, is a highly 
effective aggregation locus. 

Neudecker et al. provide a view, at an 
unprecedented level of detail, into the struc- 
tural changes that convert a normally soluble 
protein into an aggregation-prone precursor. 
Many questions remain open, and of particu- 
lar interest are the intermediates that follow 
precursor formation but precede the appear- 
ance of mature fibrils. 

The report by Laganowski et al. provides 
precisely this information. The authors used 
a different computational method (9) to iden- 
tify amyloid-forming fragments in a protein 
found in the lens of the eye. One fragment 
produced stable toxic amyloid oligomers, 
which they crystallized to produce the first 
ever crystal structure of an oligomeric inter- 
mediate. This structure, termed a cylindrin 


Steps on the road to misassembly. A potential path- 
way for amyloid formation is illustrated. The native 
state, N, converts to the amyloid precursor, |, by the 
unraveling of strand 5, as shown by Neudecker et al. 
Strand 1, which is highly aggregation prone, is thus 
exposed, and can mediate strand-strand interactions 
between different, largely native, monomers, leading 
to an as-of-yet uncharacterized oligomeric species, 
O, depicted here hypothetically as a dimer. The stably 
associated strand 1 sheets need to escape from the 
context of the native structure, rearranging O into O’ 
(via an unspecified mechanism) and allowing them 
to assemble, in a manner similar to that seen in the 
bacterial PduU protein, into the hexameric cylindrin 
structure, C, revealed by Laganowski et al. Formation 
of a parallel cylindrin is shown arbitrarily. 


www.sciencemag.org SCIENCE 


Published by AAAS 


PERSPECTIVES 


by the authors, consists of six strands woven 
into a single sheet that is rolled into a tight 
nonporous barrel. Interestingly, the authors 
note that a similar structure is seen in part 
of a bacterial protein, PduU, comprising 
the shell of an organelle-like microcom- 
partment (/0). Seven residues near the start 
of that protein chain form a strand that is 
entirely separated in space from the remain- 
der of the protein. Six such strands assemble 
into a hexameric sheet rolled into a tight bar- 
rel. This observation is particularly sugges- 
tive, given the finding by Neudecker et al. 
that strand 1, found at the beginning of their 
protein, is the likely driver of its aggrega- 
tion. If, in the course of intermolecular inter- 
actions caused by the loss of strand 5, strand 
1 detached from the sheet to which it nor- 
mally belongs, it might be able, like in PduU, 
to participate in the formation of a cylindrin 
oligomer, as characterized by Laganowski et 
al. (see the figure). 

Together, the studies by Neudecker ef al. 
and Laganowski et al. suggest a potentially 
general pathway for amyloid formation, 
in which protective native interactions are 
removed, facilitating intermolecular strand- 
strand interactions, accompanied by the 
escape of associated strands or hairpins from 
the native structure and their assembly into 
cylindrin barrel structures. These studies also 
sow a rich field for further inquiry. A mech- 
anism by which intermolecular interactions 
facilitate eventual strand extraction is miss- 
ing. Steps in the transition from cylindrins 
to higher-order aggregates and fibrils remain 
to be delineated. Importantly, many proteins 
that form disease-linked amyloid appear to be 
highly disordered and do not possess a native 
structure. Such proteins lack the protective 
interactions and preorganized strand struc- 
ture that feature in the precursor character- 
ized by Neudecker et al., so the interaction 
modes that drive the assembly of such pro- 
teins into cylindrin-like oligomers remain to 
be discovered. 
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The State and Fate of Himalayan Glaciers 


T. Bolch,”"7* A. Kulkarni,? A. Kaab,’ C. Huggel,””° F. Paul,? J. G. Cogley, H. Frey,” J. S. Kargel,’ 
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Himalayan glaciers are a focus of public and scientific debate. Prevailing uncertainties are of 

major concern because some projections of their future have serious implications for water resources. 
Most Himalayan glaciers are losing mass at rates similar to glaciers elsewhere, except for emerging 
indications of stability or mass gain in the Karakoram. A poor understanding of the processes 
affecting them, combined with the diversity of climatic conditions and the extremes of topographical 
relief within the region, makes projections speculative. Nevertheless, it is unlikely that dramatic 
changes in total runoff will occur soon, although continuing shrinkage outside the Karakoram will 
increase the seasonality of runoff, affect irrigation and hydropower, and alter hazards. 


Imost 800 million people live in the 
Aine of the Indus, Ganges, and 

Brahmaputra rivers and rely to varying 
extents (in particular during dry seasons and 
in mountain valleys) on the water released from 
glaciers (/, 2) that constitute the most exten- 
sive glacier cover outside Alaska and the Arctic 
(3). Published estimates of glacier coverage for 
the Himalaya and Karakoram (H-K), mostly 
based on historic data, vary between 43,178 km? 
and 49,650 km? (table S1). Our best estimate 
for H-K, as defined in fig. $1 (4), mainly based 
on mapping using recent satellite images (4) is 
~40,800 km? (Himalaya, ~22,800 km?; Karakoram, 
~18,000 kim’) (table $2). Glacier volume cannot 
be measured directly over regional scales but 
must be modeled. Empirical estimates are highly 
uncertain and range from about 2300 km’, taking 
the slope-dependent ice thickness into account, 
to ~3600 to ~6500 km* based on volume-area 
scaling (4) (table $2). 

Glaciers are natural buffers of hydrological 
seasonality, releasing meltwater during summer 
and early autumn in particular. They represent a 
local water resource in the mountains but also in- 
fluence runoff into lowland rivers, recharge river- 
fed aquifers, and contribute to global sea-level 
change (/, 5). Regional climates are heterogeneous, 
and the socioeconomic importance of glacier 
meltwater varies over the H-K. It is a major source 
of stream flow in parts of the H-K having little 
summer precipitation, especially the Karakoram 
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and northwestern Himalaya, but is less important 
in monsoon-dominated regions with abundant 
summer precipitation (3, 5). This spatial variability 
influences meltwater regimes, in turn affecting the 
availability of water for hydropower generation, 
agriculture, and ecosystems (6). Glacier change 
also alters risks due to glacial hazards, not least 
from glacial lake outburst floods (GLOFs) (7). 


Recent controversy about future Himalayan 
glacier change, largely fueled by an erroneous 
statement in the Intergovernmental Panel on Cli- 
mate Change (IPCC) Fourth Assessment Report 
(8), has exposed major gaps in our knowledge 
of the behavior of the region’s glaciers: Annual 
amounts of ice and snow melt along with its 
seasonal and spatial variability, as well as the 
contributions of precipitation to discharge, are 
all uncertain (/, 6). These gaps are due to insuf- 
ficient numbers of in situ measurements, for 
which remote sensing only partially substitutes. 
There are few high-elevation weather stations and 
no long-term field measurement programs on gla- 
ciers, and information about current ice extent 
is nonuniform and unsatisfactory in places (4). This 
can be attributed to the remote location of gla- 
ciers, the rugged terrain, and a complex political 
situation, all of which make physical access dif- 
ficult. Here, we review the state of knowledge 
about key characteristics, current extent, and 
changes of H-K glaciers since the mid-19th cen- 
tury. We also discuss projections of possible future 
changes, summarize important implications for 
water resources and natural hazards, and close by 
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Fig. 1. (A) Map of the Karakoram and Himalaya showing the major river basins and the locations of 
measured rates of change in area and of a sample of glacier length change and mass budget mea- 
surements (4) (tables $3, S5, and $6). (B) Main wind systems. (C) Mean precipitation in January and 


July. [Source: (9)] 
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sketching a framework for integrated cryosphere 
research needed to fill the most critical gaps. 


Regional Variations of Himalayan Climate 


The climate in H-K is strongly influenced by the 
varying dominance of the Asian monsoon and 
winds from the west (9, /0). The westerlies are a 
more important moisture source in the northwest: 
about two-thirds of the high-altitude snowfall 
in the Karakoram is due to westerly cyclones, 
mainly in winter, whereas in the southeast more 
than 80% is provided by the summer monsoon 
(10). The mountains block transfer of most mois- 
ture to the Tibetan plateau; hence, precipitation 
decreases sharply northward in both the mon- 
soonal and the westerly regimes (Fig. 1). The 
mean elevation of H-K glaciers, a rough proxy for 
the equilibrium line altitude (ELA), is ~5360 m 
above sea level (asl), with the highest values in 
the central (~5600 m) and the lowest in the west- 
em Himalaya (~5150 m) (table $2). The ELA is 
lower where accumulation is greater, requiring 
more ablation and higher temperatures to yield an 
annual mass budget of zero. 

Little is known about the regional horizontal 
and vertical distribution of precipitation, espe- 
cially at high elevations. Short records suggest 
precipitation of 1600 to 1800 mm year ’ in the 
southwestern Karakoram near 5000 m asl (//). 
Himalayan precipitation records show little or no 
trend with time (/2), whereas winter precipitation 
has increased in the Karakoram (/3, /4). Weather- 
station data indicate recent warming in the 
Himalaya but not in the Karakoram (/3, /5). 
Nearly all stations are far below the lower limit 
of glaciers, and some are affected by progressive 
urbanization, so that it is uncertain whether 
these trends are also valid for the glaciers. At the 
highest long-term weather station in the Himalaya, 
Tingri (4300 m asl), north of Mount Everest, mean 
annual air temperature (MAAT) increased by 
~0.03 K year ' during 1959 to 2007, with greater 
warming in winter than in summer (/6). This 
warming rate may be greater than the global av- 
erage. In contrast, the MAAT in the Karakoram 
decreased—a global anomaly—mainly due to 
the decrease of summer temperatures (/3, 14). 


Characteristics of Himalayan Glaciers 


Most glaciers in the eastern and central Himalaya 
belong to the “summer-accumulation type,” gain- 
ing mass mainly from summer-monsoon snow- 
fall (17), whereas winter accumulation is more 
important in the northwest (/8) (Fig. 1). The very 
steep and rugged terrain above the glaciers leads 
to considerable accumulation by snow avalanch- 
ing in H-K, especially for Karakoram glaciers, 
complicating the definition of accumulation 
areas and the calculation of responses to climat- 
ic changes (9-21). Many glaciers in H-K have 
heavily debris-covered tongues, a further conse- 
quence of the steep rocky terrain and avalanche 
activity. Debris cover, along with seasonal snow 
(22), complicates delineation of the glaciers, and 
different measures and definitions of the numer- 


ous tributaries of the larger glaciers make length 
and area determination difficult. The large propor- 
tion of low-elevation glacier area (fig. S2) in the 
western Himalaya may in part be a result of exten- 
sive debris cover. Our best estimate of total debris 
cover in H-K is ~10% (4). This percentage is 
important, because thick debris, which retards 
surface melting, is concentrated on the low-lying 
tongues where most melting is expected (23). 
However, many completely debris-covered glacier 
tongues have very low flow velocities or are stag- 
nant (23, 24) and are thus subject to additional melt 
processes, such as the development of thermokarst 
lakes from melt ponds (25). The 
flow speed of such glacier tongues 
is also controlled by the extent of 
the accumulation area and thus 
by the ice flux to the tongue. 

In Bhutan, glaciers with large 
accumulation areas reach veloc- 
ities of 100 to 200 m year |, de- 
creasing gradually toward their 
termini, whereas those with small 
and steep accumulation areas have 
speeds >50 m year ' only in the 
zones beneath their rock-ice head- 
walls (26) (Fig. 2B). In contrast 
to this rather homogeneous region- 
al pattern, which is typical for 
the central and eastern Himalaya 
(23) (fig. S5), glacier speeds in 
the Karakoram vary greatly in 
time and space (Fig. 2A). Gla- 
ciers in close proximity, in sim- 
ilar topographic settings, and with 
similar sizes and shapes have very 
different speeds at a given time, 
which points to a range of dynam- 
ical sensitivities and instabilities (27). Particularly 
in the Karakoram, many glaciers surge for reasons 
that are not directly related to climate (27, 28). 
However, there is evidence that recent surges are 
favored by high-altitude warming (/8). The num- 
ber of glacier surges has almost doubled since 
1990, which might be linked to positive mass 
budgets in this region in the recent period (29). 


General Changes in Himalayan Glaciers 


Length changes (22, 30) (tables S3 and S4) 
measured for more than 100 glaciers in H-K 
suggest that most Himalayan glaciers have been 
retreating since the mid-19th century (Fig. 3C), 
except for 1920 to 1940, when about half the 
records show stationary or advancing tongues 
(30). Some large glaciers have advanced or been 
stable recently in the northwestern Himalaya and 
in the Karakoram (19, 2/) (Fig. 3C and table S4). 
In the eastern Hindu Kush, west of the Karakoram, 
25% of the glaciers were stable or advancing dur- 
ing 1976 to 2007 (3/7). North of the Karakoram, 
in the Wakhan Pamir, however, glaciers were re- 
treating during a similar period (32). 

Area changes (table S5) have been measured 
for several thousand glaciers in H-K. Area change 
data from the Karakoram exist only for the 
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Yarkant basin north of the main ridge, where 
the loss rate was ~0.1% year ' between 1962 
and 1999 (33). Small high-altitude glaciers in the 
Transhimalaya of Ladakh had a shrinkage rate of 
~0.4% year | from 1969 to 2010 (34). In the 
Indian Himalaya, shrinkage rates are regionally 
variable: ~0.2 to ~0.7% year ', 1960s to 2001- 
2004 [11 Indian catchments, (35)]; 0.12 + 0.07% 
year ', 1968 to 2007 [Garhwal Himalaya, (36)]; 
~0.3% year |, 1963 to 1993 [Bhutan, (37)]; and 
~0.3 to 0.6% year ', ~1970 to ~2005 [Tibet, 
(38)]. There is also a clear tendency for area loss 
in Nepal (39) (table S5). Where measured, the 


Glacial Response to Climate Change 


Glaciers develop where mass gain (e.g., by snowfall and 
avalanches) exceeds mass loss (e.g., by melting and calving). 
Lower temperatures and greater snowfall favor mass gain 
(accumulation); conversely, higher temperatures favor mass 
loss (ablation). The sum of accumulation and ablation over any 
period is the mass budget. Mass is transferred by glacier flow 
from the accumulation area, at high elevation, to the ablation 
area at low elevation. The steeper the glacier, the faster the 
flow. If ablation dominates over several years, the mass flux is 
reduced and the glacier starts to retreat. Conversely, if net annual 
accumulation (positive balance) dominates for a long time, the 
glacier increases flow speed and eventually advances. Because 
the response of the terminus to a change in climate is delayed 
by flow dynamics, current changes in terminus position are 
integrated reactions to past climate changes. Glacier response 
times vary; the larger and slower (flatter) the glacier, the longer 
the delay under equal climatic conditions. Length and area 
changes are thus harder to interpret in climatic terms than are 
mass changes, but the latter are harder to measure. 


debris-covered area has increased [e.g., (36)], in- 
dicating increasing debris production, reduced gla- 
cial transport capacity, or negative mass balances. 
Most studies investigating more than one time 
period show faster shrinkage rates in later periods. 
Notwithstanding the variability and the uncertain- 
ties, a consistent picture emerges of net area loss 
in recent decades in most parts of the Himalaya 
(Fig. 3B and fig. S4). Indications of positive mass 
budget suggest that net area gain is likely at least 
in the more humid parts of the Karakoram (/9, 29). 

Measurements of the annual mass budget are 
relatively few and short-term. The longest series 
spans only 10 years (Fig. 3A and table S6). One 
geodetic (multiannual) measurement covers 1962 
to 2007 (20). All budgets are negative on aver- 
age with only a few positive years. Typical values 
vary from —0.32 m year | water equivalent (w.e.) 
(Dokriani Glacier, 1992 to 2000) to —0.67 + 
0.40 m year | w.e. (Chhota Shigri Glacier, 2002 
to 2010) (40) to —1.60 m year | w.e. (Hamtah Gla- 
cier, 2001 to 2006) (table S6). A space-borne geo- 
detic assessment for 1999 to 2004 in Lahaul/Spiti 
(Western Himalaya) revealed substantial mass loss 
on several heavily debris-covered tongues (47). In 
the Mount Everest region, such glaciers had an 
average budget of —0.32 + 0.08 m year ! wee. 
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(1970 to 2007) (20) (fig. S5). The only source of 
information for the Karakoram based on in situ 
data indicates an average budget of —0.51 m year ! 
w.e. for Siachen Glacier (1986 to 1991) (42), 
whereas a slight mass gain was observed for the 
Karakoram for the early 21st century based ona 
geodetic estimate (43). These measurements sug- 
gest that the mass budget over large parts of the 
Himalaya has been negative over the past five dec- 
ades, that the rate of loss increased after roughly 
1995 (Fig. 3), but also that the spatiotemporal 
variability is high (44). The region-wide loss 
rate is close to the global mean (45). Gravimetric 
measurements (46) indicate mass loss in the Hima- 
laya and also possible mass gain in the Karakoram 
from 2002 to 2006, with a decrease thereafter. 
A more recent gravimetric study (47) is basically 
in line with this finding but shows considerably 
lower mass loss for the whole of High Mountain 
Asia (—4 + 20 versus —47 + 12 Gt year ') and only 
—5 + 6 Gt year ! for the H-K from 2003 to 2010. 
The difference has been attributed mainly to dif- 
ferent estimates of the groundwater depletion (47). 
The lower estimate could also be a sign of slight 
mass gain in the central Karakoram and moderate 
loss in the Himalaya during this period. It is beyond 
the scope of this contribution to discuss satellite 
gravimetry methods. However, it has to be noted 
that interpretation of Gravity Recovery and Cli- 
mate Experiment (GRACE) satellite measurements 
in terms of glacier mass changes for a complex, 
large, and tectonically very active mountain range 
such as H-K, in close vicinity to a zone of substan- 
tial groundwater depletion in northern India, im- 
plies substantial uncertainties. These gravimetrically 
derived results need to be contrasted with existing 
mass budget data that show all negative values in 
the Himalaya outside the Karakoram (Fig. 3A) 
Monsoon-affected glaciers are more sensitive 
to temperature change than winter-accumulation— 
type glaciers (48) because the temperature increase 
directly reduces solid precipitation (i.e., snow 
accumulation) and extends the melting period. 
Without a snow cover in summer, surface albedo 
is much lower and melt is further increased. In the 
Karakoram and northwestern Himalaya, glaciers 
that extend to higher elevations show irregular be- 
havior and have retreated less rapidly or even ad- 
vanced in recent years (the so-called Karakoram 
anomaly) (19, 29) (tables S3 and S4). This is readily 
understandable for avalanche-fed glaciers where 
the extent of the accumulation area changes only 
slightly when the ELA is rising (2/). Observed 
strong surface lowering of heavily debris-covered 
glaciers can be explained by their low elevations, 
by enhanced melting on exposed ice cliffs and be- 
neath surface ponds (25), and maybe also by col- 
lapse of englacial conduits (for nearly stagnant ice). 
Dust and black soot, which increased melt on some 
Tibetan glaciers (49), are also likely to influence 
H-K glaciers, but this requires further investigation. 


Persistence of Himalayan glaciers 


The statement that most H-K glaciers will likely 
disappear by 2035 is wrong (8), as shown by sim- 


A Karakoram 


Glacier speed (m year~') 
Sept. 2000- Sept. 2001 


B Bhutan 


Glacier speed (m year -') 
Jan. 2001— Oct. 2002 


Fig. 2. (A) Representative horizontal speeds from Landsat data of October 2000 and October 2001 on 
glaciers in the Karakoram. Speeds vary greatly even for nearby and otherwise similar glaciers due to a large 
temporal variability in glacier dynamics, among other reasons because of glacier surges. (B) Representative 
horizontal surface displacements measured from repeat Advanced Spaceborne Thermal Emission and Re- 
flection Radiometer satellite data of January 2001 and October 2002 on glaciers in Bhutan. The northern 
glaciers are debris-free, flow faster, and sustain their flow through their entire length, whereas the southbound 
glaciers have extensive debris cover on tongues that are nearly stagnant (for full measurements, see fig. $3). 


ple but physically robust modeling (50). More re- 
alistic projections (5), relying on degree-day 
modeling but reporting the H-K glaciers only as 
part of High Mountain Asia, are consistent with 
the simpler model in suggesting moderate mass 
loss over the 21st century. The only published 
study on catchment scale (Langtang Valley, Nepal) 
predicts somewhat higher mass loss (75% by 
2088) (51), although melt processes beneath 
the extensive debris cover were only roughly 


addressed. Future changes of monsoon intensity 
will have an important effect on Himalayan gla- 
ciers, but current climate projections do not even 
agree on the sign of change, thus introducing 
further uncertainties (6). Nevertheless, all models 
project mass losses in coming decades that are 
substantial for most parts of the Himalaya, but 
consistently fall well short of complete region- 
wide glacier disappearance even by 2100. In- 
formation about total ice volume is essential 
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for predictions, but only very few measurements 
exist (4). Percentage changes in glacier volume 
are very likely to exceed percentage area changes, 
because a large part of the H-K ice is located in 
the low-lying and flat (and thus thick) tongues of 
the largest valley glaciers. Projections for the 
Karakoram glaciers will remain impractical until 
the reasons for their observed anomalous behav- 
ior, including their propensity to surge, are better 
understood (27, 29). The evidence of stability or 
even mass gain in the Karakoram, which may be 
ascribable to increased winter precipitation and 
reduced summer temperature, was recently con- 
firmed by direct measurement (43). 


Impacts of Glacier Changes in the Himalaya 


Glacier change affects the hydrological cycle. A 
negative annual mass budget yields a surplus of 
runoff from glacier ice, whereas a positive budget 
yields a deficit of runoff because snow has gone 
into storage on the glacier. When glacier ice (as 
opposed to winter snow) is lost in the long term, 


the annual hydrograph evolves toward that of 
an equivalent glacier-free catchment. The relative 
importance of this loss of glacier ice necessarily 
decreases downstream, but it differs fundamen- 
tally under different precipitation regimes (2). The 
runoff contribution from glacier imbalance is rel- 
atively minor in the wetter monsoonal catch- 
ments of the Ganges and Brahmaputra but more 
substantial in the drier westerly dominated head- 
waters of the Indus (/, 2) (table S7). 

Projections of the diminishing contribution of 
seasonal snow to annual runoff indicate reduced 
maximum flows in spring and an increase by 
over 30% of the glacier contribution to total run- 
off (52). Runoff in strongly glaciated catchments, 
especially in the Karakoram, will likely not de- 
crease due to deglaciation before the end of the 
21st century (53). Currently, gauging stations in 
the extensively glaciated Hunza basin (Karakoram) 
show reduced runoff, consistent with climate 
records (/4) and indications of a positive mass 
budget for glaciers in the Karakoram (29, 43, 46). 


Rough predictions of runoff for the Langtang 
Valley (Nepal) suggest that total discharge might 
even increase during the next decades (5/7). How- 
ever, this is mainly attributable to a projected in- 
crease in precipitation; the contribution of glaciers 
to discharge may decrease after ~2040. Unlike in 
regions with winter-accumulation—type glaciers, 
where an earlier peak of spring snowmelt is ex- 
pected, the monsoon-influenced Himalaya will 
maintain peak discharge in summer even with 
strongly reduced glacier sizes (/, 2). Runoff from 
less glaciated catchments will probably decrease, 
especially in the central and eastern Himalaya, as 
glaciers continue to shrink (53). In the absence of 
a clear trend in glacier shrinkage in the Karakoram 
and parts of the northwestern Himalaya, consti- 
tuting important parts of the Indus catchment, we 
would not expect large changes in the discharge 
of the Indus River during the next decades. A cor- 
ollary of the confirmation of the Karakoram anom- 
aly is that the contribution of Karakoram glaciers 
to sea-level rise has been overestimated (43). 
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A further serious implication of glacier re- 
cession is the development of moraine-dammed 
glacial lakes (54) that, if their dams breach, can 
drain catastrophically (7). In the central and east- 
em Himalaya, both south and north of the main 
ridge, lake growth has been observed in recent 
decades, with much larger absolute growth rates 
in the east, while in the drier northwest, total lake 
area decreased (54, 55). Lakes in contact with 
glacier ice efficiently transmit thermal energy to 
the ice front, accelerating melting, and also in- 
duce calving, accelerating retreat (56). In the 
H-K, growth of moraine-dammed lakes and dis- 
integration of glacier tongues have been found to 
stem mostly from tongue stagnation and the rapid 
expansion of supraglacial lakes over a period of 
typically 50 years. The process may start when 
average surface slopes of glacier tongues become 
smaller than 2° (57). The associated thermokarst 
processes can be self-enhancing and irreversible, 
so that pond and lake development may lead to 
glacier shrinkage independently of climatic factors. 
Advancing glaciers may also cause threats if they 
dam tributary valleys, turning them into new lake 
basins (58). The risk related to glacial lakes in the 
H-K, in contrast to some other mountain regions 
such as the Alps or Andes, is characterized by the 
particularly large lake volumes and associated 
long outburst flood reaches rather than by a high 
population concentration close to the lakes (7). 


Perspectives 


Most glaciers in H-K have retreated and lost mass 
since the mid-19th century. Loss rates have prob- 
ably accelerated in recent decades, but the ob- 
served tendencies are not regionally uniform. 
In the Karakoram and parts of the northwestern 
Himalaya, many of the observed large glaciers 
have oscillated or surged since the beginning of 
the last century, with indications of positive mass 
balances for the 1990s and the beginning of the 
21st century (19, 29, 43, 46). This Karakoram anom- 
aly stands out as a phenomenon that deserves 
further investigation to clarify the relation between 
climate forcing and glacier responses in the region, 
taking due account of the distinctive behavior of its 
many surge-type and dynamically variable glaciers. 

The leading uncertainties about the state and 
fate of H-K glaciers relate to the contribution of 
glaciers to runoff (5/7), the projection of glacier 
changes (50), the variability of glacier changes 
within the region (44), the influence of debris 
cover on glacier melt (20, 23), the role of ice and 
snow avalanches in the glacier mass budget (2/), 
and the magnitude of past glacier changes as 
revealed from comparisons with maps (22). These 
uncertainties can be mainly attributed to deficient 
information (for example, about total glacier area 
and mass); lack of measurements, both of cli- 
matic forcing agents and of the glaciers them- 
selves (mass budgets and length changes); and 
the use of unsuitable or uncertain data, such as 
imagery with extensive seasonal snow or maps 
drawn from such imagery. Nonpublication of ex- 
isting data makes these problems worse. 


To close the knowledge gaps, the most useful 
steps will be to release a regionally complete, up- 
to-date, and accurate glacier inventory conform- 
ing to international standards and including the 
most important topographic parameters; to contin- 
ue to develop and refine remote-sensing methods 
for the estimation of glacier changes, including 
length, area, and volume changes, as well as grav- 
imetric measurement of mass changes; to fill 
critical gaps in the climatic and hydrologic station 
network and establish transects from the low- 
lands in the south to the Tibetan Plateau, simi- 
lar to that already established north and south of 
Mount Everest; to continue existing mass-budget 
measurements on reference glaciers and to estab- 
lish new programs to cover more climate zones 
and glacier types in a more representative way, 
particularly in the Karakoram; to measure the 
thickness of selected glaciers as a basis for cal- 
ibrating recently developed methods for model- 
ing of subglacial topography [e.g., (59)] and 
hence glacier volume; and to strengthen model- 
ing efforts, in particular for climate projections, 
future glacier evolution, GLOFs, and glacier run- 
off. Field and remote-sensing—based investiga- 
tions should consider the needs of these models 
when designing and performing investigations. 
Finally, we recommend the continuation and ex- 
tension of coordinated transboundary research on 
climate, cryosphere, and their impacts, including 
the exchange of all relevant data. 
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Oxidation of the Guanine 
Nucleotide Pool Underlies Cell 
Death by Bactericidal Antibiotics 


James J. Foti,? Babho Devadoss,? Jonathan A. Winkler,” James J. Collins,* Graham C. Walker?* 


A detailed understanding of the mechanisms that underlie antibiotic killing is important for 

the derivation of new classes of antibiotics and clinically useful adjuvants for current antimicrobial 
therapies. Our efforts to understand why DinB (DNA polymerase IV) overproduction is cytotoxic 

to Escherichia coli led to the unexpected insight that oxidation of guanine to 8-oxo-guanine in the 
nucleotide pool underlies much of the cell death caused by both DinB overproduction and bactericidal 
antibiotics. We propose a model in which the cytotoxicity of beta-lactams and quinolones predominantly 
results from lethal double-strand DNA breaks caused by incomplete repair of closely spaced 
8-oxo-deoxyguanosine lesions, whereas the cytotoxicity of aminoglycosides might additionally 
result from mistranslation due to the incorporation of 8-oxo-guanine into newly synthesized RNAs. 


levated levels of reactive oxygen spe- 
Fe« (ROS), such as superoxide, hydro- 

gen peroxide, and hydroxy] radicals (OH’), 
within prokaryotic cells potentiate cell death. 
For example, three different classes of bactericidal 
antibiotics (B-lactams, quinolones, and aminogly- 
cosides), regardless of macromolecular target, 
ultimately result in cell death in both Gram- 
negative and Gram-positive bacteria via a com- 
mon mechanism that produces OH" (/). Because 
elevated intracellular levels of OH” can damage 
DNA, lipids, and proteins, generalized oxidation 
catastrophe could result in cell death; however, 
our current work suggests that cell death is pre- 
dominantly elicited by specific oxidation of the 
guanine nucleotide pool and its subsequent use in 
nucleic acid transactions. 

DinB overproduction lethality due to 8-oxo- 
deoxyguanosine (8-oxo-dG) incorporation. The 
ribonucleotide reductase inhibitor hydroxyurea, 
although best known for stalling DNA replica- 
tion forks and eliciting double-strand DNA breaks 
(DSBs), also causes bacterial cell death through 
the production of OH’ (2). This stimulated us 
to test whether the cytotoxicity associated with 
overproduction of the £. coli translesion DNA 
polymerase DinB (DNA Pol IV) might result 
from an OH’-dependent process, because, like 
hydroxyurea, it slows the speed of replication 
forks and results in bacterial cell death presum- 
ably because of DSBs (3, 4). To test whether 
OH’ radicals underlie cell death resulting from 
DinB overproduction, we measured cell survival 
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in the presence of thiourea (OH’ scavenger) and 
2,2'-dipyridyl (an iron chelator that prevents the 
Fenton reaction required for OH" production) 
(5-8). Thiourea and 2,2'-dipyridyl, which do not 
strongly affect cell growth (/), completely pre- 
vent cell death caused by DinB overproduction 
(Fig. 1A). In addition, DinB overproduction is 
not toxic in an anaerobic environment (Fig. 1B), 
which is consistent with OH”’s mediating DinB- 
induced cell death. However, in contrast to hydroxy- 
urea, which significantly increases intracellular 
OH" levels (~10-fold) (2), DinB overproduction 
has a more modest effect (~1.6-fold) (Fig. 1D). 
Thus, it seemed most likely that the elevated lev- 
els of DinB were lethal because of the increased 
use of oxidized deoxynucleotides, rather than 
because of the induction of high levels of OH’. 
The nucleotide pool is an important target of 
ROS, and guanine is particularly susceptible to 
oxidation because of its low redox potential (9, /0). 
One of the most intensively studied major products 
of guanine oxidation is 7,8-dihydro-8-oxoguanine 
(8-oxo-guanine) (/0). Its deoxyribonucleotide, 
8-oxo-dG, is potentially mutagenic because of its 
ability to form base pairs with both cytosine and 
adenine (fig. S1). DinB, like its human ortholog 
DNA Pol k (//), is a translesion DNA polymerase 
that can use 8-oxo-deoxyguanosine triphosphate 
(8-oxo-dGTP) as the incoming nucleotide, pairing 
it with either deoxycytidine or deoxyadenosine (dC 
or dA), with a preference for dA (Fig. 1C). Muta- 
tion of DinB’s steric gate (F13V, in which Phe’? is 
replaced by Val) severely reduces its ability to use 
8-oxo-dGTP as an incoming nucleotide (Fig. 1C), 
as does mutation of the corresponding steric gate 
of Pol « (Y112A, in which Tyr'!? is replaced by 
Ala) (//). Therefore, to test the hypothesis that 
DinB overproduction causes cell death by incor- 
porating more 8-oxo-dG than the cell can tolerate, 
we overproduced DinB F13V and, as predicted, ob- 
served that this variant is not cytotoxic (Fig. 1A). 
Although the observation that DinB F13V 
is not cytotoxic is consistent with our hypothesis 


D> 
\ 


that DinB overproduction is incorporating more 
8-oxo-dG than the cell can handle, it does not 
exclude the possibility that the ability of DinB 
to copy over N*-dG adducts (J2) is contribut- 
ing to cell death. Therefore, we cooverproduced 
MutT, a nucleotide sanitizer of the GO system 
that, together with MutM and MutY, minimizes 
the deleterious effects of oxidized guanine (/3). 
MutT, which hydrolyzes 8-oxo-dGTP to 8-oxo- 
deoxyguanosine monophosphate (dGMP) (/3), 
eliminates the cytotoxicity of DinB when co- 
overproduced (Fig. 1A). DinB overproduction 
in a AmutT strain is as cytotoxic as it is in wild- 
type (fig. S2), which suggests that DinB levels 
are rate-limiting for death, even though levels of 
8-oxo-dGTP are extremely low in a AmutT mu- 
tant (/4), a conclusion that is consistent with 
trace amounts of 8-oxo-dGTP usage during rep- 
lication potentially having important biological 
consequences (/5). 

Our results are consistent with the hypothe- 
sis that DinB is incorporating more 8-oxo-dG 
than the cell can tolerate, but two potential mech- 
anisms of intolerance are possible: the accumu- 
lation of lethal mutations or the formation of 
lethal DSBs. It is unlikely that ~50% of the cells 
have obtained a lethal mutation within 90 min 
(Fig. 1A), as DinB moves as slowly as 1 base pair 
(bp) per s and thus has only copied ~5400 bp 
per replication fork (4). Instead, it seems more 
likely that cells are dying from DSBs as previ- 
ously suggested (3), a possibility consistent with 
our observation that DinB overproduction re- 
sults in the up-regulation of the SOS response as 
measured by microarray analysis (tables S1 and 
82) and cell filamentation as measured by flow 
cytometry (4.76-fold increase) (Fig. 1D). 

Although the absolute levels of 8-oxo-dG 
present in DNA in an unstressed AmutT strain 
are too low to cause chromosomal fragmentation 
(/6), a change in the levels of 8-oxo-dGTP and/or 
a change in the ratios of the particular DNA poly- 
merases operating in a cell (ie., DinB overpro- 
duction in this case) could result in closely spaced 
8-oxo-dG nucleotides. Closely spaced DNA le- 
sions are potentially problematic, because the prox- 
imity of individual DNA lesions can alter the cell’s 
ability to repair damage (/7) and subsequently 
result in DSBs (/8). A single DSB in an E. coli 
cell has been known for decades to be potentially 
lethal (/9). Thus, in principle, incomplete base 
excision repair by MutM and MutY glycosylases 
acting at closely spaced dC:8-oxo-dG and dA:8- 
oxo-dG pairs, respectively, could result in the 
generation of a lethal DSB (fig. S3). A DNA 
polymerase prone to using 8-oxo-dGTP as a sub- 
strate, such as DinB, would increase the likelihood 
of two 8-oxo-dG lesions being incorporated in 
close proximity and, thus, the potential fora DSB. 
Direct incorporation of an 8-oxo-dG by a DNA 
polymerase close to an existing 8-oxo-dG could 
also lead to a lethal DSB event via the action of 
GO system glycosylases (fig. S3). DSB forma- 
tion by either of these mechanisms could be 
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suppressed by MutT overproduction. In princi- 
ple, the occurrence of a closely spaced dC:8-oxo- 
dG and 8-oxo-dG:C pair as a consequence of 
direct oxidation of DNA could also result in 
DSBs (fig. S3), but these would not be suppress- 
ible by overproduction of MutT. 

The processivity of DinB interacting with 
the B clamp is 300 to 400 nucleotides (20), and 
thus, in principle, it could continue to replicate 
long enough to introduce multiple 8-oxo-dGs into 
DNA and so set up the potential for a MutM- and 
MutY-mediated DSB. Consistent with this model, 
a AmutM AmutY mutant is less sensitive to the 
cytotoxic effects of DinB overproduction (Fig. 
1E). The protective effect of AmutM AmutY may 
be less than that of MutT overproduction, because 
other base excision repair enzymes that recog- 
nize 8-oxo-dG may additionally contribute to 
DSB formation (/3). In addition, it is possible 
that MutT is also able to sanitize another oxi- 
dized deoxynucleotide triphosphate, as can the 
human MutT homolog (2/), and that its incor- 
poration into DNA contributes to DSB forma- 
tion through a MutM- and MutY-independent 
process. Because cells repair DSBs by homolo- 
gous recombination, the increased sensitivity of a 
ArecA strain to DinB overproduction (Fig. 1E) is 
consistent with this model of 8-oxo-dG—mediated 
DSB formation. Collectively, the above data sug- 
gest that incorporation of 8-oxo-dG into DNA 
during replication is cytotoxic because of DSBs 
generated by the incomplete action of base- 
excision repair systems designed to protect cells 
from the mutagenic effects of oxidized nucleo- 
tides, 1.e., the cellular protector has become the 
executioner. 

Bactericidal antibiotic lethality due, in part, 
to the oxidation of guanine nucleotides. We 
then wondered whether the principle revealed 
by these experiments—an increase in closely 
spaced 8-oxo-dG lesions leading to DSBs— 
might also underlie cell death induced by bac- 
tericidal antibiotics. Antibiotics can generally be 
classified as being bacteriostatic (preventing cell 
growth) or bactericidal (killing cells) (22). Bac- 
tericidal antibiotics had long been thought to 
kill by means of class-specific drug interactions, 
which usually fall into three categories: inhibi- 
tors of cell wall biosynthesis, of DNA replica- 
tion, and of protein synthesis (23). However, it 
was recently shown that a common pathway that 
produces OH" substantially contributes to killing 
induced in Gram-negative and Gram-positive 
bacteria by major classes of bactericidal antibiot- 
ics (J). Despite having different macromolecular 
targets, B-lactams (cell wall synthesis inhibitors), 
quinolones (DNA gyrase inhibitors), and amino- 
glycosides (protein synthesis inhibitors) gen- 
erate OH" through the tricarboxylic acid cycle, 
a transient depletion of the reduced form of 
nicotinamide adenine dinucleotide, destabili- 
zation of iron sulfur clusters, and a stimulation 
of the Fenton reaction (/). Because OH’ are the 
most powerful oxidizing agent in living cells 
and have a half-life of nanoseconds (24), cell 


death could result from the cumulative effect 
of oxidizing various classes of cellular mole- 
cules and macromolecules. However, from the 
insights we gained into the mechanistic basis 
of DinB overproduction cytotoxicity, we hy- 
pothesized that, instead, the oxidation of the 
guanine nucleotide pool is specifically respon- 
sible for much of the death caused by bacte- 
ricidal antibiotics. 

To test this hypothesis, we overproduced 
MutT in £. coli and treated the resulting culture 
with representatives of the three different classes 
of antibiotics that increase OH’: ampicillin (B- 
lactam), norfloxacin (quinolone), and kanamy- 
cin (aminoglycoside). It was striking that simply 
overproducing MutT was sufficient to reduce 
the sensitivity of E. coli cells to killing by all 
three drugs, consistent with the hypothesis that 
oxidation of the guanine nucleotide pool un- 
derlies much of the cytotoxicity of bactericidal 
antibiotics (Fig. 2A and fig. S4A). Similarly, 
overproduction of RibA, an alternative 8-oxo- 


dGTP sanitizer (25), was also sufficient to reduce 
sensitivity to killing by ampicillin and norfloxacin 
(Fig. 2B). The inability of RibA to reduce the 
sensitivity of cells to kanamycin (Fig. 2B) is prob- 
ably the consequence of kanamycin’s blocking 
of protein synthesis coupled with the inherent 
instability of the RibA protein, which results in 
a substantial reduction of RibA protein levels 
after addition of the drug (fig. S5). In contrast, 
overproduction of NudB, a nucleotide sanitizer that 
preferentially hydrolyzes 8-OH-deoxyadenosine 
triphosphate (8-OH-dATP) in vitro and has only 
a twofold effect on mutation rate when over- 
produced in a AmutT mutant (26, 27), did not 
affect antibiotic sensitivity (Fig. 2C). 

The amount of 8-oxo-dG incorporated into 
DNA is influenced by a combination of the lev- 
els of 8-oxo-dGTP in the conditions being ex- 
amined and the levels and characteristics of the 
individual polymerases that are present. To 
gain insights into which of the E. coli poly- 
merases might be contributing to cell death 
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Fig. 1. DinB overproduction results in DSBs because of closely spaced 8-oxo-dG lesions. (A) Lethality of 
DinB overproduction (black), measured by colony-forming units (CFU) per ml relative to time zero, is 
reduced by thiourea (red), 2,2’-dipyridyl (green), and cooverproduction of MutT (blue). Overproduction 
of DinB F13V (yellow), which is incapable of incorporating 8-oxo-dG, is not lethal. (B) Under anaerobic 
conditions, DinB overproduction is not cytotoxic; cell viability was assayed by 10-fold serial dilutions of 
cells overproducing DinB with isopropyl-B-p-thiogalactopyranoside (pDinB + IPTG) and compared with 
noninduced (pDinB) and vector controls (vector and vector + IPTG). (C) DinB and DinB F13V (F13V) 
primer extension analysis using dGTP and 8-oxo-dGTP as the incoming nucleotide and the four different 
templating bases. The starting primer (P) and extended product (E) are indicated. Lanes 1, 6, 11, and 16 
are unextended primer controls. (D) Overproduction of DinB for 3 hours (blue) results in cell filamentation 
but does not result in a substantial increase in intracellular OH" levels when compared with an unin- 
duced control (red). The forward-scatter histogram (left) of a DinB overproducing strain suggests cell 
elongatation (cell size, arbitrary units). (Right) Conversely, a modest increase in the 3'-(p-hydroxyphenyl) 
fluorescein fluorescence signal (1.6-fold) compared with the control is observed in a DinB-overproducing 
strain, which suggests that intracellular OH" levels do not substantially increase (OH" signal arbitrary 
units). (E) The lethality of DinB overproduction (black) is minimized in a AmutM AmutY background 
(purple) but enhanced in a ArecA background (blue). 
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from bactericidal antibiotics by incorporating 
8-oxo-dG into DNA, we tested the effect of mu- 
tating each polymerase on ampicillin cytotoxicity 
(fig. S6). Deletion of AdinB (DNA Pol IV) and 
AumuDC (DNA Pol V) reduced killing by am- 
picillin, which suggested that these two poly- 
merases both contribute to ampicillin sensitivity, 
whereas mutations of polA (DNA Pol I) or pol/B 
(DNA Pol II) had no effect. The essential repli- 
cation DNA polymerase Pol III is also involved 
in 8-oxo-dG incorporation because an antimutator 
allele of the catalytic subunit (dnaE91/), which 
decreases the mutation frequency of a AmutT 
strain (28), also reduced ampicillin cytotoxicity 


Ampicillin 


Norfloxacin 


(fig. S6). We then generated and tested a dnaE911 
AdinB AumuDC triple mutant and observed a 
striking reduction in sensitivity to all three classes 
of antibiotics (Fig. 2D and fig. S4B), consistent 
with Pol III, Pol IV, and Pol V’s incorporation of 
more 8-oxo-dG than the cell can handle. 

We hypothesized that the action of these 
polymerases under the conditions of elevated 
OH’ caused by the antibiotics could lead to 
increased 8-oxo-dG incorporation and, hence, 
a lethal MutM- and MutY-dependent DSB, as 
with DinB overproduction. We therefore treated 
a AmutM AmutY strain with the three differ- 
ent classes of antibiotics and, as anticipated, 
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Fig. 2. The sensitivity of wild-type F. coli cells to killing by ampicillin, norfloxacin, and kanamycin is 
reduced when incorporation of 8-oxo-dG is minimized. (A) Overproduction of the 8-oxo-dGTP sanitizer 
Mutt (blue) in wild-type MG1655 cells was sufficient to significantly reduce the sensitivity of cells to the 
bactericidal effects of all three classes of drugs compared with the vector control (black). (B) Over- 
production of the alternative 8-oxo-dGTP sanitizer RibA (yellow) in MG1655 cells is also sufficient to 
reduce the sensitivity of cells to ampicillin and norfloxacin, but not kanamycin, probably because of its 
instability (fig. $5). (C) Overproduction of the 8-OH-dATP sanitizer NudB (green) does not reduce the 
antibiotic sensitivity. (D) A mutant strain that lacks the two Y-family DNA polymerases and expresses an 
antimutator replicative polymerase (dnaE911 AdinB AumuDC) strain (red) is more resistant to killing by 


bactericidal antibiotics than wild-type cells (black). 
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observed a significant decrease in killing, con- 
sistent with the action of these base excision 
repair enzymes resulting in DSBs (Fig. 3A and 
fig. S4C). 

Deletion of ArecA, which prevents DSB re- 
pair, has previously been shown to sensitize cells 
to antibiotics (/). To test whether the DSBs gen- 
erated are repaired by the major RecA-dependent 
RecBCD pathway, we introduced a ArecB mu- 
tant allele into cells and tested its effect on anti- 
biotic cytotoxicity. The AvecB mutant displayed 
approximately the same sensitivity as a ArecA 
deletion, consistent with the hypothesis that the 
RecBCD pathway is used to repair the DSBs that 
are generated as a consequence of 8-oxo-dG 
incorporation (Fig. 3B). 

To further support our hypothesis that DSBs, 
many of which are MutM and MutY dependent, 
are responsible for bactericidal cell death rather 
than being the result of DNA degradation in 
dead cells, we used the terminal deoxynucleotidyl 
transferase-mediated deoxyuridine triphosphate 
nick end labeling (TUNEL) assay. The TUNEL 
assay covalently attaches a fluorescent molecule to 
the 3’ terminus of a DNA molecule and, thus, can 
be used to directly measure DSBs. Thirty minutes 
after antibiotic treatment of wild-type cells, a time 
at which little cell death has occurred (Fig. 3C), 
we observed a qualitative increase in TUNEL- 
positive cells when analyzed by microscopy 
(Fig. 3D and fig. S7). We then quantified the 
number of TUNEL-positive cells in wild-type 
and AmutM AmutY populations after antibiotic 
treatment via flow cytometry (Fig. 3, E and G) 
and observed MutM- and MutY-dependent 
DSBs. Moreover, the median TUNEL signal 
for the AmutM AmutY strain is less than that 
of wild-type cells after treatment with anti- 
biotics (Fig. 3, F and H). Collectively, these 
results are consistent with the hypothesis that 
bactericidal antibiotics lead to cell death large- 
ly by increasing the number of DSBs, a sub- 
stantial fraction of which are MutM and MutY 
dependent. 

Extension of common mechanism model. 
From the data described above, we are able to 
extend the model for a common mechanism of 
cell death induced by bactericidal antibiotics. 
Instead of generalized oxidative damage result- 
ing in cell death, oxidation of the guanine nu- 
cleotide pool to 8-oxo-guanine results in several 
lethal outcomes. The approximately equal de- 
gree of protection from killing by B-lactams be- 
cause of MutT overproduction, dnaE911 AdinB 
AumuDC, and AmutM AmutY (Fig. 4) suggests 
that a substantial portion of the bactericidal ef- 
fect of B-lactams is because of MutM- and MutY- 
mediated DSBs that are a consequence of Pol 
III, Pol IV, and Pol V’s incorporation of 8-oxo-dG 
lesions into the daughter strand during replica- 
tion (fig. S8). Penicillin, a B-lactam bactericidal 
antibiotic, was the first antibiotic described and 
was thought to kill cells primarily and specifi- 
cally via inhibition of cell wall synthesis (23). It 
is noteworthy that our results suggest oxidation 
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of guanine nucleotides also contributes to cell 
death by penicillin (Fig. 4); this finding provides 
a new insight into the mechanism of action of 
the oldest known antibiotic. The approximately 
similar degrees of protection from killing by 
norfloxacin because of MutT overproduction and 
dnaE911 AdinB AumuDC indicate that an analo- 
gous mechanism is responsible for its bactericid- 
al effects. However, the lesser degree of protection 
afforded by AmutM AmutY (Fig. 4) suggests that 
DNA gyrase inhibition additionally contributes 
to the DSBs caused by 8-oxo-dG incorporation 
(fig. S8). 

This 8-oxo-dG—dependent DSB mechanism 
accounts for some of the bactericidal effects of 
kanamycin, as there is protection from killing by 
dnaE911 AdinB AumuDC and AmutM AmutY. 
However, our observation that the degree of 
protection caused by MutT overproduction is 
larger (Fig. 4) than that conferred by dnaE91] 
AdinB AumuDC or AmutM AmutY, together with 
the relatively modest increases in sensitivity con- 
ferred by the ArecA and ArecB mutants, suggests 
that an additional mechanism of cell killing is 
involved in the case of kanamycin. The reduced 
involvement of the 8-oxo-dG—dependent DSB 
mode of killing may, in part, be due to its trans- 
lational inhibitory effects, which prevent the syn- 
thesis of SOS-regulated proteins (including the 
dinB- and umuDC-encoded DNA polymerases), 
other proteins required for stress responses, and 
antitoxins (leading to activation of their cognate 
toxins). Nevertheless, the strong suppression of 
kanamycin cytotoxicity by MutT overproduction 
suggests that, in addition to their known direct 
effect on the ribosome (29), a substantial amount 
of the cytotoxicity caused by aminoglycosides in 
vivo is due to oxidation of guanine nucleotides. 

An intriguing hypothesis is that the protec- 
tive effect of MutT overproduction is due to 
MutT’s ability to sanitize the guanine ribonu- 
cleotide pool [8-oxo-guanosine triphosphate (8- 
oxo-rGTP) and 8-oxo-guanosine diphosphate 
(8-oxo-rGDP)] (30, 3/), as well as the guanine 
deoxynucleotide pool (fig. S8). RNA polymer- 
ase proficiently uses 8-oxo-rGTP as a substrate, 
incorporating 8-oxo-guanosine (8-oxo-rG) into 
transcripts at 1/10th the rate that it incorpo- 
rates rG (30). These potentially altered tran- 
scripts could lead to mistranslated proteins, 
which is consistent with the previous observa- 
tion that AmutT strains exhibit higher levels 
of protein carbonylation (32), a consequence 
of protein mistranslation. Moreover, the effect 
of 8-oxo-rGTP on protein mistranslation would 
be exacerbated by its misincorporation into ribo- 
somal RNA and transfer RNA, which would 
be expected to further reduce the fidelity of 
protein synthesis. This potential for kanamycin- 
induced 8-oxo-rGTP-—dependent mistranslation 
of cell envelope proteins could, in turn, cause 
more membrane alterations and could lead to 
increased drug uptake and further stimulation 
of the OH’ radical pathway through mem- 
brane stress two-component systems (Cpx) and 
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Fig. 3. Bactericidal antibiotics cause lethal DSBs. (A) A AmutM Amuty strain is less sensitive than 
wild-type cells to bactericidal antibiotic killing. (B) Deletion of ArecA and ArecB sensitizes cells to 
killing by bactericidal antibiotics. Relative CFU/ml of wild-type (black), ArecA (red), and ArecB 
(green) cells treated with 2 ug/ml ampicillin, 25 ng/ml norfloxacin, and 3 ug/ml kanamycin. (C) 
Neither ampicillin nor kanamycin treatments for 30 min significantly reduced the number of viable 
wild-type or AmutM AmutyY cells. Norfloxacin treatment for 30 min results in a reduction in viable cell 
number for both wild-type (29% survival) and AmutM AmutY cells (51% survival). (D) Rep- 
resentative fields of wild-type cells after 30 min of treatment. Cells containing a DSB (TUNEL-positive, 
green) were overlaid on the propidium iodine staining of all cells (red). Scale bar, 5 uM. (E) 
Pseudocolor plot of cell size versus TUNEL fluorescence for untreated and treated wild-type and 
AmutM AmutyY cells at 30 min. The vertical line at 10 fluorescence units is the cutoff of TUNEL- 
positive cells, which results in 30% of untreated wild-type cells being TUNEL-positive consistent with 
our microscopy results (~28% TUNEL-positive cells: 81 green out of 292 cells). The number of 
TUNEL-positive wild-type cells increases after antibiotic treatment (top), and AmutM AmutY cells 
(bottom) have fewer TUNEL-positive cells than wild-type. Both cell size (forward scatter) and 
fluorescence signal (TUNEL signal) are in arbitrary units (A.U.). (F) The distributions of the fluores- 
cence intensity of wild-type (red) and AmutM Amuty (blue) TUNEL-stained cells suggest that AmutM 
AmutyY cells have fewer dsDNA breaks. (G) The percentage of positive TUNEL-labeled cells (>10 A.U.) 
determined in (E) is plotted for both wild-type (red) and AmutM Amuty (blue). (H) Histogram of the 
median TUNEL signal for the wild-type and AmutM AmutY populations shown in (F). 
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changes in metabolic function (Arc) (29). Thus, 
kanamycin treatment could potentially result 
in a catastrophic cycle of mistranslation driven 
by 8-oxo-rGTP. 

It is also possible that 8-oxo-rGTP and 8-oxo- 
rGDP contribute to cell killing by interfering 
with the functioning of guanosine triphospha- 
tases (GTPases), 13 of which are conserved in 
75% of bacteria and most of which have critical 
functions in translation (33). For example, the 
reduced ability of the essential E. coli GTPase, Era, 
to hydrolyze 8-oxo-rGTP, compared with GTP 
(fig. S9), could alter the ratio between its GTP- 
and GDP-bound forms. In addition, oxidation 
of guanosine pentaphosphate or tetraphosphate 
[(p)ppGpp] could potentially interfere with the 
proper operation of the bacterial stringent re- 
sponse (34). Such bactericidal effects stemming 
from oxidation of the guanine ribonucleotide 
pool likely contribute to bactericidal effects of 
ampicillin and norfloxacin as well, but they ap- 
pear to be less important than those mediated by 
the oxidation of the guanine deoxyribonucleo- 
tide pool. 

Broad implications. Our model has two broad 
implications for the effectiveness of bactericidal 
antibiotics. First, in addition to a bacterial cell’s 
intrinsic permeability to a drug and its ability to 


excrete it through drug pumps, our results sug- 
gest that its complement of DNA polymerases, 
DNA repair enzymes, and nucleotide sanitiz- 
ers, such as MutT, could also play a role in a 
bacterium’s intrinsic susceptibility to antibiotics. 
It is known that £. coli cells maintain a constant 
level of MutT after antibiotic stress (7), which 
suggests that a fitness cost may be associated 
with up-regulation of nucleotide sanitizers, per- 
haps decreasing mutagenesis that could lead to 
multidrug resistance (35). Second, the enhanced 
utilization of 8-oxo-guanine in nucleic acid trans- 
actions resulting in bacterial cell death could 
provide an avenue for identifying targets for the 
use of antimicrobial adjuvants. In the last few 
decades, only a handful of new classes of anti- 
biotics have been introduced, which has led many 
to lament that the antibiotic pipeline is broken 
(36, 37). Although new antimicrobial thera- 
pies are needed, adjuvants have the potential to 
extend the usefulness of current therapies. Our 
results suggest, for example, that bactericidal 
antibiotics could be potentiated by targeting 
proteins involved in repairing dsDNA breaks, 
e.g., inhibiting RecA or RecBCD, or by influ- 
encing the incorporation of 8-oxo-guanine into 
the DNA and RNA or the consequences of this 
incorporation. 
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Fig. 4. Relative protective effect against killing because of MutT overproduction, mutation of three DNA 
polymerases (dnaE911 AdinB AumuD(), and AmutM AmutY for B-lactams, norfloxacin, and kanamycin 
suggests oxidation of guanine mediates bactericidal antibioti—induced cell death. For B-lactams (ampicillin 
and penicillin), a similar fold rescue is observed for all three conditions. For norfloxacin, a similar degree of 
protection is afforded by MutT overproduction and mutation of the DNA polymerases, but a lesser degree 
of protection is observed for AmutM AmutY. For kanamycin, the greater fold rescue associated with MutT 
overproduction compared with dnaE911 AdinB AumuDC and AmutM AmutY suggests oxidation of the 
guanine to 8-oxo-rGTP is additionally contributing to cell death. 
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Interplay of Intra- and Intermolecular 
H-Bonding in a Progressively Solvated 
Macrocyclic Peptide 


Natalia S. Nagornova, Thomas R. Rizzo, Oleg V. Boyarkin* 


Studying solvation of a large molecule on an atomic level is challenging because of the 
transient character and inhomogeneity of hydrogen bonding in liquid water. We studied water 
clusters of a protonated macrocyclic decapeptide, gramicidin S, which were prepared in the 

gas phase and then cooled to cryogenic temperatures. The experiment spectroscopically tracked 
fine structural changes of the clusters upon increasing the number of attached water 

molecules from 1 to 50 and distinguished vibrational fingerprints of different conformers. 

The data indicate that only the first two water molecules induce a substantial change of the 
gramicidin S structure by breaking two intramolecular noncovalent bonds. The peptide structure 
remains largely intact upon further solvation, reflecting the interplay between the strong 
intramolecular and weaker intermolecular hydrogen bonds. 


particularly important property of water 
Ams is their formation of hydro- 

gen bonds with one another and with hy- 
drophilic parts of solutes such as proteins. The 
subtle balance between these intermolecular in- 
teractions and the internal noncovalent bonds 
in a biomolecule largely determines its three- 
dimensional (3D) structure and biological func- 
tionality (/, 2). The interactions of biomolecules 
with the surrounding water network are difficult 
to study in liquids because of inhomogeneity of 
these interactions, the dynamical nature of the 
hydrogen bonds, and the essentially infinite num- 
ber of molecular degrees of freedom of the sol- 
vent (3). Isolation of biomolecules in the gas 
phase removes all interactions with the solvent 
but also enables stepwise control of these in- 
teractions by progressively increasing the num- 
ber of the bound water molecules, ultimately 
bridging the gap between the gas phase and 
aqueous conditions. Here, we report a spectro- 
scopic study that tracks changes in the structure 
of a decapeptide antibiotic, gramicidin S (GS), 
upon addition of 1 to 50 water molecules in a 
gas-phase cluster. Cryogenic cooling of the clus- 
ters initially formed at room temperature sup- 
presses dynamical effects on the spectra, whereas 
the use of a conformer-selective spectroscopic 
scheme enables detection of vibrational transi- 
tions in single conformations. We learn about 
the most stable binding sites of water and the 
nature of the H-bonded network that grows as 
the number of incorporated water molecules 
increases. 
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Switzerland. 
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Mass spectrometry, ion mobility, and laser 
spectroscopy, as well as combinations of these 
techniques, have demonstrated the ability to char- 
acterize pure water clusters and hydrated bio- 
molecular complexes (4-14). To solve a 3D 
molecular structure, spectroscopy relies on mea- 
suring a “fingerprint” (a set of frequencies and 
intensities) of electronic or vibrational transi- 
tions, which must be reproduced by theory. To 
be uniquely characteristic, a spectroscopic fin- 
gerprint has to contain a sufficiently high num- 
ber of vibrationally resolved transitions. This, 
however, becomes problematic for large clus- 
ters because of the thermal congestion in room 
temperature spectra, the presence of conforma- 
tional heterogeneity, and the increasing number 
of vibrational modes of such species. Currently, 
structural identifications via vibrational spectros- 
copy are limited to amino acids and small pep- 
tides complexed with a few water molecules 
(11, 15-23). Although such studies are valuable, 
there is a clear and pressing need for investiga- 
tion of larger peptides with more direct bio- 
logical relevance, solvated by a sufficiently large 
number of water molecules to approximate at 
least the first solvation shell. Here, we present 
well-resolved spectroscopic fingerprints for a 
protonated decapeptide solvated by up to a few 
tens of water molecules. 

The 3D structure of the antibiotic gramicidin 
S (cyclo-VOLFPVOLFP, where O designates 
ornithine; F, the p rather than L enantiomer of 
phenylalanine; V, valine; L, leucine; and P, pro- 
line) was solved by nuclear magnetic resonance 
(NMR) spectroscopy (24) and x-ray diffraction 
(25) in the condensed phase and recently by the 
method of cold ion spectroscopy in the gas phase 
(fig. S1) (26, 27). Doubly protonated gramicidin 
S, [GS + 2H}**, exhibits strong antibacterial ac- 
tivity in vivo by binding to phospholipids of 
bacteria cell membranes (28). The structure of 


the antibiotic under such conditions has yet to 
be determined in silico by using the intrinsic 
and native structures of [GS + 2H]’* as starting 
points together with an understanding of the 
interplay between the intra- and intermolecular 
hydrogen bonding. Our study of gradually solv- 
ated [GS + 2H]’" provides the opportunity for 
detailed modeling of this interplay in a large 
molecule. 

Water clusters of [GS + 2H]°* were produced 
directly from an aqueous solution by using electro- 
spray ionization (fig. $2). The clusters of a de- 
sired size were selected by a quadrupole mass filter, 
cooled to ~12 K in an ion trap (29), and then 
photofragmented by pulsed ultraviolet (UV) ex- 
citation of the phenylalanine chromophores. 

Figure 1 shows UV photofragmentation spec- 
tra of cold [GS + 2H}’*(H,0), clusters, where n 
indicates the number of water molecules (0 <n < 
50). Cooling allows vibrational resolution in the 
UV spectra of [GS + 2H]** with up to 29 water 
molecules. The spectra shown in Fig. 1 provide 
some hints for structural changes of the clusters 
upon their gradual solvation. The 3D structure 
of bare [GS + 2H]}** exhibits four strong hy- 
drogen bonds between Val and Leu residues, as 
well as binding of the protonated amino group 
of the ornithine to carbonyls on the Phe and Om 
residues and to the Phe aromatic rings (fig. S1) 
(27). The latter NH;*-x electron interaction leads 
to a ~200 cm‘ shift of the UV band origin to 
higher energy (blue shift) relative to that of sev- 
eral reference species where the charge is remote 
from the phenylalanine chromophore (26). Bind- 
ing two water molecules to [GS + 2H]}** leads to 
a large shift halfway back (red shift) toward the 
band origin of these reference species, whereas 
further hydration exhibits little influence on the 
UV band origin of the clusters. 

This observation suggests that the first two 
water molecules bind to protonated amino groups, 
weakening the NH, "-n interactions such that the 
two aromatic rings become almost decoupled 
from the [GS + 2H}* backbone. Although the 
details of the peptide structure reflected in UV 
spectra (Fig. 1 and fig. S3) still change upon 
further solvation, this decoupling by only two 
water molecules leads to a substantial elongation 
of [GS + 2H}**, its structure thereby approach- 
ing that of the fully solvated species (24, 25). 
The fact that red shifts of the UV band origins 
of all larger clusters are at least as large as for 
the m = 2 species implies that the hydration sites 
near the two charges remain occupied in all studied 
water complexes, although not necessarily in all 
their conformations. 

In addition to the strongly red-shifted peaks, 
the UV spectrum of the 7 = 2 cluster in Fig. 1 ex- 
hibits another group of intense peaks that are 
close to the band origin of bare [GS + 2H}**. 
This observation suggests a certain conforma- 
tional heterogeneity of the clusters, in which some 
may contain either one or two unsolvated am- 
monium groups. To verify this hypothesis, we 
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performed infrared (IR)-UV double resonance 
studies, wherein vibrational preexcitation of pep- 
tides by an IR pulse alters their subsequent UV 


fragmentation yield (30-32). Figure 2 shows se- 
lected conformer-specific IR spectra for clusters 
with n < 15. Beyond the typical well-resolved 
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free OH stretches (~3700 cm"), all the spectra 
exhibit rich structure with many sharp peaks, 
making them highly specific fingerprints of the 
cluster structures. The characteristic CH stretch 
band around 2970 cm! also exhibits sharp peaks 
that remain unshifted and almost identical, even 
for large clusters. This persistence reflects a high 
degree of hydrophobicity of GS and the low 
sensitivity of CH stretch frequencies to the 
binding of water molecules. 

Figure 2, a to c, shows IR spectra of [GS + 
2H}’*(H2O), measured on the UV peaks, la- 
beled as a, b, and c in Fig. 1. The specific fin- 
gerprint of the two water molecules comprises a 
sharp band near 3700 cm | (free OH) and a 
broad band within 3350 to 3430 cm | (H-bonded 
OH). The fact that these three spectra are different 
indicates that the species associated with the UV 
transitions a, b, and c in Fig. 1 have different 
structure and therefore must be assigned to three 
different conformers (labeled respectively a, b, 
and c) of the m = 2 clusters. Only one of them 
is associated with the red-shifted peak (a) in 
the UV spectrum and should have a structure in 
which both phenylalanine aromatic rings are 
free of strong cation-t bonding to the NH;° of 
the omithine side chains. Solvation of [GS + 
2H}** by two water molecules substantially shifts 
the NH;° stretch bands near 3240 cm! (assigned 
to the NH bonds that point to the aromatic rings) 
to lower energy and the NH stretch band of the 
Phe backbone to the high-energy side for this 
conformer only; this conformer also exhibits the 
lowest free water-OH stretch frequency among 
the three. These observations support our assess- 
ment that in conformer a the water molecules are 
strongly H bonded to the charged amine groups, 
decoupling the aromatic rings from the backbone 
of the peptide. 

The higher frequencies of the free OH- 
stretch water band in the two other conformers 
imply weaker couplings between [GS + 2H]°* 
and HO molecules. The NH stretch band of the 
Orn backbone is the only one that experiences a 
substantial wave number shift upon hydration, 
because the nearest peaks that can be assigned 
to this vibration appear 26 cm ' to the red (Fig. 
2, b) and 70 cm to the blue (Fig. 2, c) from the 
position of this band in the bare molecule. On 
the basis of this observation and taking into ac- 
count hydrogen bonding of the Orn amide NH 
to the Pro carbonyl group in isolated [GS + 2H}?* 
(27), we suggest an involvement of these residues 
as hydration sites in conformers b and c in the 
doubly solvated species. These conformer-selective 
IR spectra provide a challenge and a benchmark 
for theory, and only when agreement is reached 
in the positions and assignments of vibrational 
transitions can we have confidence in the exact 
binding sites and structures of these three con- 
formers of [GS + 2H}’*(H20)p. 

This computational challenge becomes more 
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Fig. 1. Electronic spectra of cold, doubly protonated gramicidin S and its complexes with n water molecules, 
[GS + 2H]**(H20), (2 <n < 50), measured by detecting the fragment complexes [GS + 2H]**(H20),, with 
m=n—16+1 forn>16 but [GS + 2H]** for 2 <n <15. Letters a, b, cand asterisks label the transitions 
used for conformer-selective IR spectroscopy (Fig. 2). 


acute for GS hydrated with an increasing num- 
ber of water molecules. To help in making spec- 
tral assignments for larger clusters, we used 
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Fig. 2. Samples of conformation-selective, IR-UV de- 
pletion spectra of [GS + 2H]?*(H,0),, (n = 2 to 15) 
complexes measured by fixing the UV wave number 
at the electronic transitions labeled in Fig. 1. The 
spectrum of singly hydrated gramicidin S (n = 1) has 
been measured by IR photodissociation of the com- 
plex, detecting the bare [GS + 2H]** fragment, and it 
is not conformer-selective. The spectra of conformers 
a, b, and c of the n = 2 clusters are labeled respec- 
tively. For comparison, a spectrum of [GS + 2H]2* (27) 
with the assignments of the amide N-H stretches of the 
phenylalanine (F), ornithine (O), valine (V), and leucine 
(L) residues; the N-H stretches of the ornithine NH3* 
groups; and the C-H stretches of the molecule are shown 


on the top of the figure. 


isotopic substitution to distinguish vibrational 
bands of water from those of [GS + 2H}. 
Figure 3 illustrates this approach by compar- 
ing conformation-selective IR spectra of n = 8 
clusters composed of H,!°O with those of its 
isotopologue, Hy'8O. Oxygen-18 isotopic sub- 
stitution lowers the wave number of OH stretch 
vibrations by ~10 cm | but doesn’t influence 
noticeably the vibrational frequencies of [GS + 
2H}** itself. This allows a straightforward as- 
signment of the remaining peaks in Fig. 3 to NH 
and CH stretch vibrations of solvated [GS + 2H}"", 
whereas the shifted peaks are assigned to water 
stretch vibrations. 

The assignment of the [GS + 2H}*" bands to 
particular vibrations is more complicated be- 
cause of the effect of bound water in broadening 


2800 3200 


-1 
Wavenumber, cm 


and shifting the bands or splitting the doubly 
degenerate amide NH bands of the Phe, Orn, 
Val, and Leu residues. The only band that we 
can confidently assign on the basis of its sharp- 
ness and a substantial blue shift (relative to that 
in [GS + 2HP") is the isolated peak at 3445.7 cm‘, 
which we attribute to the NH stretch of Phe. 
Similar to our consideration of doubly solvated 
[GS + 2HP*, such a shift indicates some re- 
moteness of the phenylalanine ring from the 
peptide backbone and suggests solvation of the 
NH;° charges by water molecules. This sug- 
gestion is fully consistent with our earlier con- 
clusion that the large red shift of the UV 
transition that we used for measuring the IR 
spectra (Fig. 1) indicates hydration of the NH3* 
groups in the = 8 species. Occupation of these 


binding sites would be consistent with an as- 
signment of the split band at ~3050 cm | to the 
two NH;° stretches in which hydrogen atoms 
are involved in the coupling to the aromatic rings 
in [GS + 2H}**. We observed a very similar red 
shift and splitting of this band in IR spectra of 
[GS + 2H}?* complexed with two crown ether 
molecules (18-crown-6) (27), which form par- 
ticularly strong hydrogen bonds with NH;’, 
although the use of crown ether molecules to 
model charge solvation by water is only a very 
rough approximation. For n < 15, the largest red 
shifts of both the UV band origin and the NH;" 
stretch bands in the IR spectrum observed for 
n = 8 clusters correlate with the elevated abun- 
dance of the species with this “magic” number 
in the cluster distribution measured earlier (6) 
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Fig. 3. Conformation-selective IR-UV depletion 
spectra of the (A) [GS + 2H]?*(H,?60), and (B) 
[GS + 2H]?*(H2*80), complexes, measured by fix- 
ing the UV wave number on the band origins of 
electronic transitions in the respective complexes. 
For comparison, an IR-UV depletion spectrum of 
fully dehydrated [GS + 2H]** (27) with peak as- 
signments is shown on the top of the figure. 


and here (fig. S2). This prompts us to suggest 
that the elevated local stability of n = 8 clusters 
originates from the high degree of hydration of 
the NH3" groups. 

In addition to the commonly observed free 
OH stretch vibrations, the spectrum in Fig. 3A 
reveals four narrow (<10 cm ') bands associ- 
ated with strongly hydrogen-bonded stretch vi- 
brations of H,O. The observation of only four 
such bands to describe binding of eight water 
molecules may indicate double degeneracy of 
these bands, implying certain symmetry for the 
water network structure of this cluster, although 
we cannot fully rule out the possibility that over- 
lap with the bands of GS obscures some water 
OH bands. Another surprising observation is that 
the phenylalanine amide NH stretch band re- 
mains characteristically narrow in the IR spec- 
trum of n = 13 clusters (Fig. 2), implying that it 
does not form a hydrogen bond even in the 
presence of 13 water molecules. 

Ahead of yet-challenging calculations, our 
UV and IR spectra suggest a large structural 
change of the doubly protonated decapeptide, 
gramicidin S, induced by the first two bound 
water molecules, which solvate charges and 
break internal cation m bonds. Further solva- 
tion by water fails to interrupt the strong intra- 
molecular hydrogen bonds of GS and causes 
little additional structural change. We demon- 
strate that a complex spectroscopic fingerprint 
of a cold cluster can be decomposed into the 


REPORTS 


OH 


OH 


3200 


-1 
Wavenumber, cm 


features that reflect structure of the peptide itself 
and to those that are ascribed to the bonded 
water network. These data provide two sets of 
accurate constraints for theory to model the struc- 
ture of the solvated antibiotic GS itself and the 
pattern of the surrounding water network on an 
atomic level. 
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Enantioselective C-H Crotylation 
of Primary Alcohols via 
Hydrohydroxyalkylation of Butadiene 


Jason R. Zbieg, Eiji Yamaguchi, Emma L. McInturff, Michael J. Krische* 


The direct, by-product—free conversion of basic feedstocks to products of medicinal and 
agricultural relevance is a broad goal of chemical research. Butadiene is a product of petroleum 
cracking and is produced on an enormous scale (about 12 x 10° metric tons annually). Here, 
with the use of a ruthenium catalyst modified by a chiral phosphate counterion, we report 

the direct redox-triggered carbon-carbon coupling of alcohols and butadiene to form products of 
carbonyl crotylation with high levels of anti-diastereoselectivity and enantioselectivity in the 


absence of stoichiometric by-products. 


Ithough many important methods for cat- 
As asymmetric carbon-carbon bond for- 
mation exist, much of this technology is 
not well suited for implementation on a large 
scale. Consequently, there is a need to discover 


and develop carbon-carbon—forming reactions that 
embody the principal characteristics of process 


Fig. 1. Direct and indirect carbonyl crotylation. IPC, 
()-isopinocampheyl; DBU, 1,8 diazabicyclo[5.4.0]undec- 
7-ene; dppf, 1,1,-bis(diphenylphosphino)ferrocene, 
TBAF, tetrabutylammonium fluoride; MW, molecular 
weight; dr, diastereomeric ratio. 


relevance; in particular, the ability to transform 
abundant, ideally renewable, feedstocks to value- 
added products in the absence of stoichiometric 
by-products (/—4). This quality is embodied by 
alkene hydroformylation, the prototypical carbon- 
carbon bond—forming hydrogenation and largest- 
volume application of homogenous catalysis 


(5, 6). Accordingly, systematic efforts toward the 
discovery and development of carbon-carbon 
bond-forming hydrogenations were initiated in 
our laboratory (7, 8). We have found that di- 
verse m-unsaturated reactants reductively cou- 
ple to carbonyl compounds and imines under 
hydrogenation conditions or transfer hydrogen- 
ation conditions employing a sacrificial reductant 
(such as isopropanol), offering an alternative to 
the use of stoichiometric organometallic reagents. 
Most significantly, under transfer hydrogenation 
conditions, primary alcohols serve dually as hy- 
drogen donors and aldehyde precursors, enabling 
carbony] addition directly from the alcohol ox- 
idation level in the absence of stoichiometric 
by-products. 

In the course of advancing hydrogenative 
methods for polyketide construction, anti- 
diastereoselective and enantioselective carbonyl 
crotylations from the alcohol or aldehyde oxida- 
tion level were developed, using o-methy] allyl 
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Indirect Stereoselective Carbonyl Crotylation (ref. 26-28) 


i Et,O, -78 °C on 
Me! O a . 
nd iy —- A ~Ph 
! ' Then 
| Ipc,BOMe, -78 °C Blips ' Bn NaOH, HO, Me 
Then BF3xOEt, SMe | Me 79% Yield, > 20:1 dr 
ie ' | 94:6 er 
| n-BuLi, KO'Bu =f [KI Me Me 
' -78°C to-45°C  L_ ‘ana mS 
H 
! MW = 56 g/mol MW = 340 g/mol 
Preactivation: The Degree of Separation 

between Reagent and Feedstock OH 


Sc(OTF)3 (5 mol%) 


axe) 
i S ' 
all. IL CH,Cl5, 0 °C 
‘auxiliary, DBU PO “TS Me} PR Then HCI or TRAF Me 
1 - 10°C, 48 Hr ; Me 94% Yield, > 20:1 dr 
rs p) 97:3 er 
| HSiCls, Pd(PPh3), [SIGs Me Biel 
an “~N NN 
MW = 54 g/mol | S 
Br MW =569 g/mol BF 
Direct Stereoselective Butadiene Mediated Crotylation (This Work) 
H,Ru(CO)(PPh,)3 oe 
(5 mol%) 
OH 
o~ Ph 
dppf (5 mol%) = 
Ph chiral acid (10 mol% Me 
Reagent = Feedstock chiral acid (10 mol%) 
Butadiene, 5 cents/mol DO THF (2M), 95°C 86% Yield, 8:1 dr 
Worldwide Production | 95:5 er 
11.8 Million Tons (2007) OH 
As Above as 
Oo 
] A~-"™~Ph 
[ HO(CH2)40H = 
Ph (200 mol%) Me 
74% Yield, 8:1 dr 
94:6 er 
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-H a) acetate as the crotyl donor (9—//). Butadiene- 
N alcohol carbon-carbon coupling potentially enables 
/Ru(CO)(PPhs)3 + HX + dppf ——_> _- Ru(CO)(dppf)(PPhs) 
H 


by-product-free access to identical crotylation 
Eq. 1. - (PPh3)2 products. However, although catalytic systems dis- 

playing the essential reactivity were defined 
(12-14), stereocontrolled hydrohydroxyalkyla- 
tion of butadiene has proven elusive when both 


OH RuH,(CO)(PPh3)3 iridium (/2) and ruthenium (/3, /4) catalysts 
aN i (5 mol%) were used. Here we report that ruthenium cat- 
| R dppf (5 mol%) alysts bearing C-symmetric 1,1'-bi-2-naphthol 
(400 mol%) 1b THF, 95°C (BINOL)-derived phosphate counterions (/5—22) 
(100 mol%) promote anti-diastereoselective and enantioselec- 
[2c ners tive carbonyl crotylations from the alcohol or al- 
Me Boge ye . 

nie dehyde oxidation level. This protocol bypasses 
Me the use of premetallated reagents for carbonyl 
( p-s0uk SO3H SO3H crotylation, which are prepared from 2-butene or 

Mé butadiene itself (23-28) (Fig. 1). 
Me In ruthenium-catalyzed carbonyl syn-crotylation 
Meé from the alcohol or aldehyde oxidation level (/4), 
52% Yield 87% Yield 87% Yield 80% Yield patty adicnes wane Peduieed. Wp calae ee ale 
15:1 dr 331 dr 51 dr 7:4 dr intervention of a single geometrical isomer at 
THF 1 M [1b] THF 1 M [1b] THF 1M[1b] THF 2M [1b] the stage of the transient o-crotylruthenium spe- 


cies, which appears to engage in stereospecific 
Fig. 2. Enhanced anti-diastereoselectivity in response to increasing steric demand of the ruthenium carbonyl addition through a closed transition struc- 
counterion in the hydrohydroxyalkylation of benzylic alcohol 1b. Yields are of material isolated by silica ture. Although the (£)- and (Z)-o-crotylruthenium 
gel chromatography. Diastereomeric ratios were determined by *H NMR analysis of crude reaction mix- intermediates obtained upon butadiene hydro- 
tures. See the supplementary materials for further details. metallation are considerably closer in energy and 
thus harder to discriminate, increasing steric con- 
gestion at the ruthenium center should bias for- 


Table 1. Optimization of anti-diastereoselectivity and enantioselectivity in the hydrohydroxyalkylation of | Mation of the thermodynamically more stable 
benzylic alcohol 1b using BINOL-derived phosphate counterions. Yields are of material isolated by silica (£)-isomer. Based on this reasoning, we further pos- 
gel chromatography. Diastereomeric ratios were determined by *H NMR analysis of crude reaction mix- _tulated that ruthenium complexes bearing coun- 
tures. ERs (er) were determined by chiral stationary-phase high-performance liquid chromatography __ terions of variable size could be prepared in situ 
analysis. These data represent only a small sampling of conditions and phosphoric acids that were screened. _ through the acid-base reaction of HxRu(CO)(PPhs); 
For additional details, see supplementary materials text. and HX (Eq. 1) (29, 30), enabling a systematic 
evaluation of diastereoselectivity in response to the 
steric demand of the counterion. As revealed in the 
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7 i RuH,(CO)(PPhs)3 \ 
ZA L (5 mol%) hydrohydroxyalkylation of butadiene employing 
a R dppf (5 mol%) ruthenium catalysts modified by benzenesulfonate, 

1b THF (2 M) [4b], 95 °C CO,Me mesitylsulfonate (mesityl = 2,4,6-trimethylphenyl), 
(100 mol%) and trisylsulfonate (trisyl = triisopropylphenyl) 
Ent aes ia, Ba = : aes 5 counterions, diastereoselectivity increases with the 
a“ il sisi ine wie) vila on) increasing size of the counterion. In the case of the 
1 A, (5) 400 mol% 19 45 52:48 (1:1) trisylsulfonate, concentration-dependent diastereo- 
2 Az (5) 400 mol% 19 91 57:43 (5:1) selectivity is attributed to a steric inhibition of the 
3 Ag (5) 400 mol% 19 83 69:31 (2:1) acid-base reaction (Fig. 2). 
4 Aq (5) 400 mol% 19 84 87:13 (3:1) These data suggested the feasibility of direct- 
5 Aq (5) 100 mol% 19 72 87:13 (3:1) ing both relative and absolute stereochemistry, 
. Aa (5) 200 ee 12 oe oc i) using BINOL-derived phosphate counterions. 
Pai) pobemne ha ba =e — oa Whereas the parent (R)-BINOL phosphoric acid 
: As (5) seGmelsn si Ge oa) A, conferred poor stereoselectivity, the corre- 
9 Ag (5) 400 mol% 19 21 85:15 (5:1) : ac nee 
sponding 3,3’-diphenyl derivative Az promoted 
10 Az (5) 400 mol% 19 45 89:11 (3:1) Ss : igs 
: promising levels of diastereoselectivity and a 57:43 
14 As (5) 400 mol% 19 15 86:14 (5:1) : hii ‘ 
42 Ag (5) 400 mol 49 29 86:14 (4:1) enantiomeric ratio (ER) (Table 1, entries 1 and 2). 
re) ‘0 . . a . + . 
13 Ag (10) 400 mol% 49 33 92:8 (7:1) The related C symmetric phosphoric acid, which 
14 A; (10) 400 mol% 19 48 90:10 (3:1) incorporates only a single phenyl moiety at the 
15 Ag (10) 400 mol% 49 50 94:6 (7:1) 3-position A, displayed higher enantioselectivity 
= 16 Ag (10) 400 mol% 48 80 94:6 (7:1) than A, or A, (Table 1, entries | to 3). Based on 
this observation, the 3-mesityl phosphoric acid 
a Me aCe fae Ry hp RaeMes he Ag was prepared and assayed, revealing an ER of 
ie Parner Ss Fe Ri Mes ia ie 87:13 (Table 1, entry 4). The loading of butadiene 


me) :R = = ZO = a as : 
a eae ad = all aa can be decreased to 100 mol % with little impact 


O” ~OH Ay: Ry= = O° ~OH ; Ae 
pe ee on yield and stereoselectivity, although 400 mol % 
As: R;=Mes R2=Me : : : s9e 
loadings provided optimal results and facilitated 


Ro Ag: R4=Mes R,=Et Ro : 
“ . transfer of the volatile reagent on a small scale 
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(Table 1, entries 4 to 7). At higher loadings of 
butadiene (800 mol %), catalytic efficiency is de- 
creased, presumably due to nonproductive co- 
ordination of butadiene to coordination sites on 
the catalyst required for binding of the transient 
aldehyde. Increasing the size of the 3-aryl substit- 
uent did not improve stereoselectivity (see the 
supplementary materials for additional experi- 
ments); however, enhanced diastereoselectivity 
was observed in connection with the 3-mesityl- 
3'-methyl phosphoric acid As and 3-mesityl-3’- 
ethyl phosphoric acid Ag (Table 1, entries 8 and 
9). Further, we found that the 3-mesityl-Hs-BINOL 
Az promoted higher enantioselectivity (89:11 ER) 
than the corresponding Hy-derivative Ay (87:13 
ER) (Table 1, entry 10). An improvement in di- 
astereoselectivity was observed in connection 
with the 3’-methyl and 3’-ethyl Hg-derivatives Ag 
and Ao, yet a slight decrease in enantioselec- 
tivity was observed (Table 1, entries 11 and 12). 
Attributing decreased enantioselectivity to an 
incomplete acid-base reaction for such sterically 
demanding acids, we explored higher loadings 
of acid (10 mol %), using the H4-derivative Ag 
and the Hg-derivatives A7 and Ag (Table 1, en- 
tries 13 to 15), which ultimately led to identifi- 
cation of Ag as the chiral acid of choice (Table 1, 
entry 16). 

Using the chiral acid Ag, benzylic alcohols 1a 
to 1f were assayed in the hydrohydroxyalkylation 
of butadiene to form the products of carbonyl 
crotylation 3a to 3f. The purity of alcohols la 
to 1f proved to be important, because trace 
quantities of carboxylic acid contribute to a 
racemic background reaction. Also, *'P nuclear 
magnetic resonance (NMR) analysis was essential 
in terms of evaluating the purity of the chiral acid 
Ao, because 'H NMR was ineffective in this re- 
gard. With attention to these precautions, crotylation 
proceeds in good yield with anti-diastereoselectivities 
ranging from 5:1 to 9:1 and ERs ranging from 
93:7 to 96:4 (Table 2). An identical set of adducts 
3a to 3f are accessible from aromatic aldehydes 
2a to 2f upon the use of 1,4-butanediol (3/) 
(200 mol %) as the terminal reductant under 
otherwise identical conditions. Comparable anti- 
diastereoselectivities (4:1 to 8:1) and ERs (94:6 
to 93:7) are observed (Table 2). 

A plausible catalytic mechanism is depicted in 
Fig. 3. Hydrometallation of butadiene, as observed 
in stoichiometric reactions of RuHCI(CO)(PPh3)3 
with 1,2- and 1,3-dienes (32, 33), delivers the 
n-allylruthenium complex. Counterion-dependent 
partitioning of the (£)- and (Z)-o-crotylruthenitum 
isomers precedes stereospecific carbonyl addi- 
tion by way of the o-crotylruthenitum haptomer 
through a closed transition structure. The result- 
ing homoallylic ruthenium alkoxide, which re- 
sists dehydrogenation because all coordination 
sites at the metal center are occupied, partici- 
pates in alkoxide exchange with a reactant alcohol 
to release the product of crotylation and provide 
a pentacoordinate ruthenium alkoxide. The va- 
cant coordination site at this stage enables de- 
hydrogenation to form an aldehyde and regenerate 


Table 2. Direct anti-diastereoselective and enantioselective carbonyl crotylation via hydrohydroxyalkyl- 
ation of butadiene and related aldehyde-reductive couplings using the BINOL-derived phosphate coun- 
terion Ag. Characterization methods were as described in Table 1. 


RuH,(CO)(PPh3)3 
or | ppf (5 mol% Bowe 
a he es AYR 
| Ag (10 mol%) Me 
(400 mol%) ta-If 2a-2f THF (2M)[1or2],95°C ge 
(100 mol%) For Aldehydes 


HO(CH,)4OH (200 mol%) 


chiral acid Ag 


Entry Product [o] Level Y [%] 4a (dr) er 

1 Alcohol 86 (8:1) 95:5 
Aldehyde 74 (8:1) 94:6 
2 Alcohol 80 (7:1) 94:6 
Aldehyde 80 (6:1) 93:7 
3 Alcohol 83 (7:1) 96:4 
Aldehyde 63 (6:1) 94:6 

CF3 
4 Alcohol 97 (8:1) 93:7 
Aldehyde 78 (5:1) 93:7 
5 Alcohol 85 (6:1) 93:7 
Aldehyde 80 (5:1) 94:6 
6 Alcohol 72 (6:1) 93:7 
Aldehyde 66 (6:1) 94:6 

OMe 
7 Alcohol 95 (9:1) 94:6 
Aldehyde 79 (4:1) 93:7 


the ruthenium hydride to close the catalytic cycle 
(Fig. 3). 

Because organic molecules are compounds 
composed of carbon and hydrogen, the formation 
of carbon-carbon bonds under hydrogenation and 
transfer hydrogenation conditions is a natural end 
point in the evolution of strategies for organic 
synthesis. As illustrated here in the case of carbony1 


crotylation, alcohol-butadiene hydrohydroxy- 
alkylations enhance synthetic efficiency by remoy- 
ing the degrees of separation between reagent and 
feedstock, while bypassing discrete alcohol oxi- 
dation and the generation of stoichiometric by- 
products. These initial findings set the stage for 
the development of catalysts that exhibit en- 
hanced stereoselectivities and substrate scope. 
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Fig. 3. Proposed mechanism for Poe 

ruthenium-catalyzed hydrohydroxy- a 7 

alkylation of butadiene, illustrating as ° 
RCH,OH 


the counterion-dependent partition- 
ing of (E)- and (Z)-c-crotylruthenium 
isomers. 
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Organic and printed electronics technologies require conductors with a work function that is 
sufficiently low to facilitate the transport of electrons in and out of various optoelectronic devices. 
We show that surface modifiers based on polymers containing simple aliphatic amine groups 
substantially reduce the work function of conductors including metals, transparent conductive metal 
oxides, conducting polymers, and graphene. The reduction arises from physisorption of the neutral 
polymer, which turns the modified conductors into efficient electron-selective electrodes in organic 
optoelectronic devices. These polymer surface modifiers are processed in air from solution, 
providing an appealing alternative to chemically reactive low—work function metals. Their use can 
pave the way to simplified manufacturing of low-cost and large-area organic electronic technologies. 


rganic-based thin-film optoelectronic de- 

vices, such as organic solar cells (OSCs), 

organic light-emitting diodes (OLEDs), 
and organic thin-film transistors (TFTs), hold great 
economic potential; they may lead to a new gen- 
eration of consumer electronic devices that could 
be printed or processed at low cost on large areas, 
have very low weight, and conform to free-form 
and flexible substrates (/—4). However, most 
printed optoelectronic devices require at least one 
electrode with a work function (WF) that is suf- 
ficiently low to either inject electrons into or collect 
electrons from the lowest unoccupied molecular 
orbital (LUMO) of a given organic semiconductor. 
Low-WF metals, such as alkaline-earth metals (Ca, 
Mg) or metals co-deposited or coated with alkali 


elements (Li, Cs), meet this requirement; how- 
ever, they are chemically very reactive and easily 
oxidize in the presence of ambient oxygen and 
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Fig. 1. (A) Chemical stru- =A 
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water. Thus, their use in printed electronics presents 
limitations that can only be overcome by the fab- 
rication of devices in an inert atmosphere and 
their subsequent encapsulation with barrier-coating 
technologies, which increases both the cost and 
complexity of the device architectures. 

Several strategies for replacing low-WF metals 
have been explored. In one approach, a film of a 
conducting or semiconducting material, typical- 
ly thicker than 10 nm and displaying a low WF, is 
coated on a high-WF electrode. This film, an elec- 
tron transport material, mediates charge injection 
and transport between the higher-WF conductive 
electrode onto which it is coated and a semicon- 
ducting layer in the device. Common examples 
of this approach have included coating indium 
tin oxide (ITO) with thin metal-oxide films— 
such as ZnO (5), In2O3 (6), Al-doped ZnO (7), 
or In-doped ZnO (8)—that present a lower WF 
(around 4.3 eV) than ITO. In another approach, 
the surface of the conductive electrode is coated 
with an ultrathin layer (<10 nm) of a material that 
is chemically or physically adsorbed onto the con- 
ductor surface; the surface modifier is chosen in 
such a way as to create strong interface and/or 
molecular dipoles that induce a vacuum-level shift 
and modify the WF of the conductor. In this con- 
text, the chemisorption of small molecules onto the 
surface of conductors has been the most common 
route. For example, the WF of ITO could be de- 
creased from 4.4 to 3.9 eV when treated with a basic 


Table 1. Work function of conducting materials with and without polymer modifiers, as independently mea- 
sured by Kelvin probe in air and by UPS. Empty cells indicate no measurement for the corresponding sample. 


Work function (eV) 


Electrodes Kelvin probe in air UPS 
Pristine With PEIE With PEI Pristine With PEIE With PEI 
Metal oxides 
ITO 4.62 + 0.06 3.60 + 0.06 3.50 + 0.06 4.40 3.30 3.27 
5.16 + 0.06* 3.60 + 0.06* — 5.00* 3.30* —_— 
ZnO 4.26 + 0.06 3.28 + 0.06 3.10 + 0.06 3.96 3.55 3.17 
FTO 4.68 + 0.06 3.80 + 0.06 3.60 + 0.06 — _— _— 
Metals 
Au 5.10 + 0.10 3.90 + 0.06 3.94 + 0.06 4.70 3.40 —_— 
Ag 4.60 + 0.06 3.70 + 0.06 3.60 + 0.06 — —_— —_— 
Al 3.40 + 0.06 2.75 + 0.06 — — —_ _— 
PEDOT:PSS 4.90 + 0.06 3.58 + 0.06 3.88 + 0.06 4.95 3.32 3.16 
Graphene 4.60 + 0.06 3.80 + 0.10 — —= — _ 


*Substrate was treated with an O2 plasma for 2 min prior to measurements or polymer modifier deposition. 


solution of N(C4H»9)4OH (9). The chemisorption 
of amine-containing conjugated small molecules 
such as tetrakis(dimethylamino)ethylene (TDAE) 
led to even greater reductions (up to 0.9 eV) of 
the WF of ITO (/0), Au (//, 12), and poly(3,4- 
ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) (/3, 74). However, molecules such 
as TDAE are highly unstable in air in their neu- 
tral state and undergo spontaneous oxidation, 
which limits their practical use. Chemisorbed 


self-assembled monolayers (SAMs) of dipolar 
molecules can also substantially modify the WF 
of metals and metal oxides (/5—17), but specific 
surface chemistry is required to ensure chemisorp- 
tion; a similar problem is faced by other inorganic- 
based modifiers such as CsxCO3 when processed 
from solution (/8). Polyethylene oxide and con- 
jugated polymers have also been used but yield 
reductions in WF that are generally smaller (0.3 
to 0.5 eV) (19-21). 
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Fig. 2. (A) Structure of devices using ITO with and without PEIE as the bottom electrode. (B) J-V characteristics of these devices (without correction for 
built-in potential); inset shows the J-V characteristics on a semilogarithmic scale at low voltage. (C and D) Energy level alignment of CuPc (10 nm) on top 


of (©) ITO and (D) ITO/PEIE. 


Here, we report on what appears to be a “‘uni- 
versal” approach to reducing the WF of a con- 
ductor, in which an ultrathin layer (1 to 10 nm) 
of a polymer containing simple aliphatic amine 
groups is physisorbed onto the conductor surface. 
In contrast to the m-conjugated amine-containing 
small molecules and polymers considered earlier, 
the polymers exploited in this work are large 
band-gap insulators and should not be regarded 
as charge-injection layers but rather as surface 
modifiers. The intrinsic molecular dipole mo- 
ments associated with the neutral amine groups 
contained in such an insulating polymer layer, 
and the charge-transfer character of their inter- 
action with the conductor surface, together re- 
duce the WF of a wide range of conductors. The 
commercially available polymer modifiers can 
be easily processed in air, from dilute solutions in 
environmentally friendly solvents such as water 
or methoxyethanol. Their low cost and ease of 
processing make them compatible with roll-to-roll 
large-area mass production techniques and suited 
for organic or printed electronic devices. To illus- 
trate their potential, we evaluate their performance 
in various device platforms, such as OSCs (includ- 
ing the demonstration of all-polymeric OSCs), 
organic and metal-oxide TFTs, and OLEDs. 

Figure 1A shows the chemical structure of 
polyethylenimine ethoxylated (PEIE) and branched 
polyethylenimine (PEI). The high content of amine 
groups (primary, secondary, and tertiary) in the 
polymer structures yields high pH values in water 
and methoxyethanol solutions; the pH values were 
measured to be 10.3 for PEIE and 10.5 for PEI 
in water, and 10.1 for PETE and 10.3 for PEI in 
methoxyethanol solutions with a polymer con- 
centration of 0.4 weight percent. Figure 1B dis- 
plays the results of ultraviolet photoemission 
spectroscopy (UPS) measurements on a series of 
conductors before and after deposition of an ul- 
trathin layer of PEIE; the spectra revealed WF 
reductions from 4.95 to 3.32 eV for PEDOT:PSS 
(high-conductivity grade PH1000), from 4.40 to 
3.30 eV for ITO, and from 4.70 to 3.40 eV for Au. 
Separate Kelvin probe measurements in air fur- 
ther indicate that PETE reduced the WF of metal 
oxides (ITO, FTO, ZnO), metals (Au, Ag, Al), 


and PEDOT:PSS PH1000 as well as graphene. 
Table 1 summarizes the values of the WF obtained 
by Kelvin probe and UPS experiments for sev- 
eral conductors modified with 10-nm-thick PEIE 
or PEI layers. Discrepancies between the two tech- 
niques are caused by the different atmospheres 
and the different experimental conditions under 
which the Kelvin probe and UPS experiments 
were conducted (22). 

The thermal stability of the WF of PEIE- and 
PEI-coated ITO substrates was studied by Kelvin 
probe measurements in air. The WF of PEIE- 
coated ITO substrates did not suffer any change 
until a temperature of 190°C, making them com- 
patible with the processing of printed electronic 
devices on plastic substrates (typically at temper- 
atures below 200°C) (fig. S1). For PEI-coated ITO 
electrodes, the WF was unaffected until 150°C 
(fig. S1). PEIE-coated ITO electrodes also remained 
fairly stable under normal ambient conditions 
for more than 4 weeks; during that period, the WF 
varied by less than 0.2 eV (fig. S1). Furthermore, 
aqueous solutions of PEIE or PEI are stable in 
air (1.e., remain effective agents for reducing the 
WF) for more than 1 year. 

Inverse photoemission spectroscopy (IPES) 
and UPS measurements on PEIE-coated Au in- 
dicate electron affinity and ionization potential 
energy values of 0.3 eV and 6.5 eV, respectively 
(fig. S2). These results imply that, in contrast 
to water/alcohol-soluble polymers based on a 
m-conjugated main chain that can display good 
electron-transporting properties (23—26), PEIE is 
likely to function as an insulator with a gap of 
6.2 eV, and to exhibit large barriers for both hole 
and electron injection. We investigated the PEIE 
thickness dependence (from 2 to 22 nm) of the 
WF modification (AWF) of ITO and found a 
variation of <10% (fig. S3). However, even if 
the thickness of the PEIE layer did not influ- 
ence AWF, its insulating nature would cause 
thicker polymer layers to adversely affect device 
performance. 

Atomic force microscopy (AFM) measure- 
ments on PEJE-coated, non—plasma-treated ITO 
show that a 10-nm-thick PEIE layer did not uni- 
formly cover the ITO surface, but formed islands 


separated by areas with a much thinner PEIJE 
coating (fig. S4, C to F). These PEIE islands 
could be easily washed away by subjecting the 
PEIE-coated ITO substrate to a mild flow of run- 
ning distilled water for 1 min (fig. S4, G and H). 
After washing, |AWF| decreased by less than 
0.1 eV. This observation indicates that only an 
ultrathin layer of PEIE is needed to produce a 
large AWF and that the processes leading to such 
modifications are truly confined to the surface 
of the conductor. 

To explore the strength of the binding be- 
tween PEIE and substrate, we monitored the WF 
of a PEIE-coated ITO substrate over time as a 
function of controlled washing cycles with water. 
Figure 1C shows the evolution of AWF when the 
substrates were subjected to a total of 50 min of 
mild washing conditions (22). After such a period 
of time, |AWF| became less than 0.34 eV. The 
apparent resilience of the PEIE layer on the sur- 
face of ITO might at first glance point to a strong 
binding interaction between the polymer and the 
electrode; however, the WF reduction entirely 
disappeared after the PEIE-coated ITO substrate 
was subjected to a 50-min water wash in an ul- 
trasonic bath (Fig. 1C). This result suggests that 
the PEIE layer is physisorbed on the conduc- 
tor’s surface, which would be consistent with the 
seemingly universal ability of PEIE to substan- 
tially reduce the WF of such a diverse group of 
conducting materials (Table 1). 

To further explore the nature of the in- 
teraction between PEIE and the conductor sur- 
face, we modified the pH values of the original 
PEIE/vater solution by adding either hexafluoro- 
phosphoric acid (HPF) or NaOH. PEIE was 
deposited on ITO from solutions with pH values 
of 4.5, 7.1, 9.2, 10.3, and 13. Figure 1D displays 
the AWF values induced before and after wash- 
ing for 1 min with running water. Differences in 
the solution pH values were expected to primar- 
ily affect the degree of protonation of the amine 
groups in PEIE. The degree of PEIE protonation 
was followed with x-ray photoelectron spectros- 
copy (XPS) by tracking the position and shape 
of the N1s peak and the appearance of the Fls 
peak for PEIE solutions with pH values below 
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10.3 (fig. S5). When PEIE was processed from 
the most basic solution, AWF was —0.92 eV and 
the presence of neutral amine groups was indi- 
cated by the N1s peak at 399.8 eV (Fig. 1E). The 
same Nls peak appeared in the PEIE layers 
processed from a pH = 10.3 solution that yielded 
AWE = —0.97 eV. These results indicate that neu- 
tral amine groups are primarily involved in the 
interactions leading to the formation of the in- 
terface dipoles and the substantial changes in 
WF. In contrast, when the PEIE layers were pro- 
cessed from the more acidic solutions with a 
higher proportion of protonated amines, smaller 
WF reductions were observed. In films processed 
from solutions with pH values of 7.1 and 4.1, 
the appearance of a shoulder in the N1Is peak 
at 402.5 eV (Fig. 1E) is indicative of proton- 
ated amines; at the same time, an Fls peak 
appeared, which is consistent with the inclusion 
of PF, counterions accompanying the proton- 
ated amines (fig. $5). After a 1-min water wash, 
with the exception of the PEIE layer coated 
from the most basic solution (which was com- 
pletely removed from the ITO surface), all lay- 
ers yielded similar AWF values around —0.86 eV 
(Fig. 1D). The XPS spectra of these layers show 
Nis peaks with a similar shape and a small 
shoulder at 402.5 eV, as well as the disappear- 
ance of the Fls peak (fig. S5). Similar trends were 
found when the polymer layers were deposited 
on FTO (fig. S6A) or Au (fig. S6B), or with the 
use of HCl instead of HPF, (fig. S6C). Inter- 
estingly, these results are different from those 


in previous reports where poly(amidoamine) 
dendrimers reduced the WF of ITO (27, 28). In 
those reports, it was speculated that protonated 
amine groups were primarily responsible for AWF 
of ITO. Our results show that in the case of PEIE, 
neutral amine groups are primarily responsible 
for the largest AWF observed. 

To understand the possible mechanism lead- 
ing to the WF decrease, we carried out density 
functional theory (DFT) calculations for the Au 
(111) surface and the polar (0002) and nonpolar 
(10-10) ZnO surfaces (22). A SAM of ethylamine 
(C,HsNH2) molecules was used to model the 
amine-containing thin molecular layer adsorbed 
on the electrode surface (fig. S7). The adsorp- 
tion energy per amine group is on the order of 
—0.47 eV for Au (111), —0.88 eV for ZnO (0002), 
and —0.78 eV for ZnO (10-10). In all cases, physi- 
sorption of the ethylamine groups is calculated 
to be energetically favored over dissociative chemi- 
sorptions (for example, by 0.7 eV on the ZnO 
(0002) surface), which is consistent with the ex- 
perimental observations. The AWF values of the 
three model surfaces induced by a SAM of eth- 
ylamine molecules are calculated to be —1.3 eV 
for Au (111), —1.7 eV for ZnO (0002), and —-1.7 eV 
for ZnO (10-10); these results are fully in line 
with the UPS and Kelvin probe data. 

The mechanism leading to AWF has been 
analyzed by decomposing it into contributions 
from (i) the ethylamine molecular dipole (Up) 
within the SAM along the direction perpendic- 
ular to the surface (leading to an electrostatic 


potential energy change denoted as AVyyp), and 
(ii) the dipole ({1~5) formed at the interface be- 
tween the molecular SAM and the electrode 
surface (AVjp) (29-37) (Fig. 1F and table S1). In 
all instances, the contributions to AWF from the 
molecular dipole and the interface dipole were 
of the same order of magnitude—for instance, 
—0.5 eV and —0.8 eV, respectively, on Au (111). 
The contribution to AWF from the interface dipole 
is attributed to a slight electron transfer [0.16 e 
for ethylamine on Au (111), 0.07 e on ZnO (0002), 
and 0.06 e on ZnO (10-10)] from the amine- 
containing molecules to the electrode surface. 
We tested PEIE-coated conductors as elec- 
trodes in various device geometries. First, we 
investigated the ability of PEIE-coated ITO sub- 
strates to inject electrons into an organic semi- 
conductor. The devices comprised a 100-nm-thick 
layer of copper(II) phthalocyanine (CuPc, with 
an electron affinity of 3.1 eV) deposited on top 
of a glass/ITO/PEIE substrate with a top Mg/Ag 
electrode (WF = 3.6 eV), as shown in Fig. 2A. 
A comparison of the current density—voltage (/-V) 
characteristics of such devices to identical de- 
vices without the PEIE layer is shown in Fig. 
2B. The voltage was applied to the top Mg/Ag 
contact. Devices without the PEIE layer present 
J-V characteristics resembling those of a diode 
because of the large energy barrier for electron 
injection from ITO to CuPc. Figure 2C illustrates 
that the energy level alignment of a CuPc (10 nm) 
layer deposited on top of ITO, as determined by 
UPS and IPES measurements, yielded a value of 
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Fig. 3. (A) Device structure of inverted solar cells. (B to D) J-V characteristics 
of devices with PEIE-modified ITO (B), Ag (C), and PH1000 (D) electrodes 
under air mass (AM) 1.5 illumination (100 mW/cm’). (E) Device structure and 
two photographs of all-polymeric solar cells. (F) J-V characteristics of all- 
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polymeric solar cells under AM1.5 illumination (100 mW/cm?). (G) Normalized 
PCE of all-polymeric solar cells after continuous bending tests with different 
bending radii (R). Insets in (B), (D), (E), and (F) are the J-V characteristics in the 
dark and under illumination on a semilogarithmic scale. 
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1.3 eV for the height of this barrier. In contrast, as 
shown in Fig. 2D, in a device with an ITO/PEIE 
electrode, this barrier was greatly reduced to a 
value of 0.36 eV. Thus, the /-V characteristics be- 
came nearly symmetric, with the current injected 
from the ITO/PEIE electrode slightly greater than 
that injected from Mg/Ag (Fig. 2B). This result 
confirms that, despite the insulating nature of 
PEIE, electrons can be injected efficiently into the 
semiconductor through the PEIE layer by pro- 
cesses such as tunneling or thermionic injection. 

Ina second step, the low-WF electrodes were 
tested in a variety of OSC geometries. OSCs were 
fabricated with PEIE-coated ITO, Ag, and PH1000 
as the bottom electrode to demonstrate their elec- 
tron selectivity (Fig. 3A). The top Ag layer was 
150 nm for the devices with glass/ITO/PEIE and 
polyethersulfone (PES)/PH1000/PEIE, and it 
was 20 nm for the devices with glass/Ag/PEIE. 
A mixture of poly(3-hexylthiophene) (P3HT) and 
an indene-C¢, bis-adduct (ICBA) (weight ratio 1:1) 
was used as the photo-active layer (32). Figure 3, 
B to D, displays the J-V characteristics of these 
solar cells in the dark and under illumination. In 
all cases, the J-V characteristics in the dark show 
a large rectification and small reverse saturation 
currents; this result demonstrates the excellent 
electron selectivity of the PEIE-modified electrodes. 
Solar cells with PEIE-coated ITO electrode (Fig. 
3B) yielded a power conversion efficiency (PCE) 


IGZO (30 nm) 
SiO, (200 nm) 


Gate contact (Ti/Au) 


Fig. 4. (A) Device structure of N2200 OTFTs. (B) 
Transfer characteristics of N2200 OTFTs with and 
without PEIE. (C) Device structure of IGZO TFTs. 
(D) Transfer characteristics of IGZO TFTs with and 


of 5.9% [open-circuit voltage (Voc) = 0.81 V, 
short-circuit current density J/g) = 11.0 mA/cm?, 
fill factor (FF) = 0.66], averaged over 10 devices. 
Such a large FF value also provides indirect evi- 
dence of the good electron selectivity of the PEIE- 
coated ITO electrode (33, 34). Note that the PCE 
measured in these devices is comparable with that 
previously reported in other inverted solar cells 
that use the same active layer (35). 

We studied the shelf air stability of cells with 
an ITO/PEIE electrode and found that the PCE 
remained nearly constant after 30 days in air and 
was still about 70% of its initial value after 102 
days (fig. S8). PEIE-coated ITO electrodes were 
also tested in devices with an active layer com- 
prising a blend of poly[(4,8-bis-(2-ethylhexyloxy)- 
benzo[1,2-b:4,5-b |dithiophene)-2,6-diyl-alt-(4-(2- 
ethylhexanoy]l)-thieno[3,4-b]thiophene)-2,6-diyl] 
(PBDTTT-C) and 3’-phenyl-3'H-cycloprop- 
[1,9](Coo-/n)[5,6]}fullerene-3’-butanoic acid methyl 
ester (PCg9BM). Devices with an inverted archi- 
tecture consisting of glass/ITO/PEIE/PBDTTT- 
C:PCgoBM/Mo0;/Ag yielded an average PCE of 
6.6% and excellent reproducibility (fig. S9). In com- 
parison, devices consisting of glass/ITO/PEDOT: 
PSS(4083)/PBDTTT-C:PCg9BM/Ca/AI yielded a 
PCE of 6% (fig. S9 and table S2). 

In the case of the solar cells with a PEIE-coated 
Ag bottom electrode (Fig. 3C), light enters the 
device through the MoO; (15 nm)/Ag (20 nm) 


-|] —— no PEIE W/L = 2550 um/180 pm j 


= 1.5 nm PEIE | V,,= 10V i 


10° 
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H=0.1 cm2/Vs 
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Vey = 38.7 V, 
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without PEIE. CYTOP (CTL-809M) is a perfluorinated polymer purchased from Asahi Glass. 
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top electrode. In these devices, a relatively high 
FF of 0.60 was also measured but Jgc was lower 
(5.5 mA/cm”) because of the low transmittance 
of the top electrode (fig. S10); as a result, the 
PCE was only 2.6%. Devices with a PEIE-coated 
PH1000 bottom electrode yielded a PCE of 3.5% 
(averaged over five devices), with Voc = 0.79 V, 
FF = 0.57, and Jgc = 7.6 mA/cm’. The slightly 
smaller FF value is attributed to the increased 
series resistance introduced by the relatively low 
conductivity of PH1000 (600 S/cm) relative to 
ITO or Ag, whereas the relatively small Jgc is 
mainly caused by the lower transmittance of 
PH1000 (36-38) and differences in the thick- 
ness of the active layer (fig. S10). 

Having transformed PEDOT:PSS into an effi- 
cient electron-collecting electrode upon modifica- 
tion, we fabricated all-polymeric OSCs on flexible 
substrates [Fig. 3E and fig. S11). As shown in 
Fig. 3F, OSCs with PEDOT:PSS/PEI electrodes 
show excellent rectification in the dark in con- 
trast to samples without PEI (fig. S12). Under il- 
lumination, semitransparent all-polymeric OSCs 
showed a PCE of 3.0% averaged over seven de- 
vices, with Voc = 0.80 V, FF = 0.52, and Jgc = 
7.1 mA/em?. When a thick Ag layer was placed 
behind the semitransparent OSC to reflect some 
of the light back into the active layer, Jgc in- 
creased to 8.2 mA/cm”, yielding a PCE of 3.4% 
(table S3 and fig. S13), comparable to that of a 
device that uses a MoO;/Ag hole-collecting elec- 
trode (Fig. 3D). Because the all-polymeric OSCs 
only present polymer-polymer interfaces, they 
demonstrate excellent mechanical properties un- 
der multiple bending conditions (Fig. 3G). They 
provide a proof of principle that OSCs can be 
fabricated using in-line, all-additive solution-based 
coating and/or printing of polymers. However, 
the design of large-area cells and modules could 
require the integration of some highly conductive 
electrodes to compensate for the lower sheet re- 
sistance of conducting polymers (38). 

Air-stable, low-WF electrodes are also needed 
for organic semiconductor-based or metal oxide— 
based n-channel TFTs. In a TFT, the existence 
of large energetic barriers for electron injection 
at the source electrode and collection at the drain 
electrode can lead to a large threshold voltage 
(Vr); it can also potentially result in low field- 
effect mobility (1) when the contact resistance ex- 
ceeds the channel resistance (39), a particularly 
critical issue for TFTs with short channel lengths. 
We fabricated examples of organic and metal- 
oxide n-channel TFTs that use air-stable PEIE- 
coated Au source and drain electrodes. In the first 
example, top-gate bottom-contact organic-based 
n-channel TFTs with a bilayer gate dielectric were 
fabricated (40) (Fig. 4A). For comparison purposes, 
two sets of TFTs were fabricated with Au source 
and drain electrodes, either coated with a PEIE 
layer or uncoated. In both instances, the organic 
semiconductor poly[N,N’-bis(2-octyldodecyl)- 
naphthalene-1,4:5,8-bis(dicarboximide)-2,6-diyl]- 
alt-5,5’-(2,2’-bithiophene) [P(NDI20D-T2), also 
called N2200] (4) was inkjet-printed on top of the 
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source and drain electrodes. Figure 4B displays a 
comparison of the transfer characteristics of both 
TFTs. In the TFTs with PEIE-coated source and 
drain electrodes, Vy; dropped from 4.5 to 0.4 V, 
the average u increased from 0.04 to 0.1 cm? 
V's and the device yield improved from 60% 
to 95%. We note that whereas yt values obtained 
after the PEIE modification are comparable to 
those of similar TFTs previously reported, the 
Vry in our devices is lower (4). In this example, 
PEIE also coats the gate insulator inside the 
channel. PEIE layers thicker than 1.5 nm led to 
n-doping of the organic semiconductor channel. 
Similar doping was also observed on bottom-gate 
bottom-contact PCs97BM TFTs that used PEIE- 
coated Au electrodes with PEIE thicknesses greater 
than 10 nm (fig. $14). This doping could assist 
the injection/collection of carriers by producing 
band-bending in the vicinity of the conductor sur- 
face; this effect is also likely present in OSCs 
containing fullerene-based acceptors (Fig. 3). 

In a second example, bottom-gate top-contact 
amorphous InGaZnO (IGZO) TFTs were fabri- 
cated as shown in Fig. 4C. In contrast to the de- 
vices described above, PEIE was first deposited 
directly on top of the semiconductor (to prevent 
any damage from the radio frequency—sputtering 
deposition of IGZO) and the Au source and drain 
electrodes were evaporated on top of the PEIE 
layer. Figure 4D provides a comparison of the 
transfer characteristics of IGZO TFTs with and 
without PEIE. As in the n-channel organic-based 
TFTs, the Vp of the IGZO TFTs dropped from 
38.7 to 1.5 V and u increased from 0.004 to 1.2 
em? V's‘ in the devices with the PEIE-modified 
electrodes. 

Finally, we tested the use of PEIE in OLEDs 
by replacing a LiF/Al cathode with PEIE/AI in 
benchmark devices based on 4,4’-bis(carbazol- 
9-yl)biphenyl (CBP) and an emitter of fac-tris(2- 
phenylpyridinato-N,C”) iridium [Ir(ppy)3], and 
achieved an external quantum efficiency of 15% 
(fig. S15). Although the performance of these 
devices was not optimized, it illustrates the ap- 
plicability of this method to OLED platforms. 

Polymers containing simple aliphatic amine 
groups such as PEIE and PEI appear to be “uni- 
versal” surface modifiers that allow the fabrica- 
tion, at very low cost and from environmentally 
friendly solvents, of air-stable low-WF electrodes. 
This approach should enable the mass produc- 
tion of low-WF electrodes from processes that 
are compatible with the large-area roll-to-roll 
manufacturing techniques required for the com- 
mercialization of low-cost organic and printed 
electronic devices. The specific properties of the 
polymers can be further optimized for other ap- 
plications, and conceptually the approach could 
be applied to the development of polymers for 
high-WF electrodes. 
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Dislocation Damping and Anisotropic 
Seismic Wave Attenuation in 
Earth's Upper Mantle 


Robert J. M. Farla,’*t lan Jackson,” John D. Fitz Gerald,” Ulrich H. Faul,? Mark E. Zimmerman? 


Crystal defects form during tectonic deformation and are reactivated by the shear stress associated with 
passing seismic waves. Although these defects, known as dislocations, potentially contribute to the 
attenuation of seismic waves in Earth’s upper mantle, evidence for dislocation damping from laboratory 
studies has been circumstantial. We experimentally determined the shear modulus and associated 
strain-energy dissipation in pre-deformed synthetic olivine aggregates under high pressures and temperatures. 
Enhanced high-temperature background dissipation occurred in specimens pre-deformed by dislocation 
creep in either compression or torsion, the enhancement being greater for prior deformation in torsion. 
These observations suggest the possibility of anisotropic attenuation in relatively coarse-grained rocks 
where olivine is or was deformed at relatively high stress by dislocation creep in Earth's upper mantle. 


theologically weak sublithospheric man- 
tle (the asthenosphere) is widely invoked 
to explain the motion of the tectonic 
plates on Earth [e.g., (/)]. Laboratory experi- 
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ments underpin an emerging understanding of 
the anomalous seismic properties of the astheno- 
sphere (2, 3). In particular, the seismic anisotro- 
py of this part of the upper mantle is attributed 
to crystallographic preferred orientation in olivine- 
rich rocks—testimony to their deformation by 
dislocation creep (4-//). Several studies have 
demonstrated that anelastic relaxation attributed 
to grain-boundary sliding can affect the shear 
modulus and attenuation of upper mantle rocks 
(J2-16), but evidence for strain-energy dissipa- 
tion from mechanically forced vibrations of dis- 
locations has been largely circumstantial until now. 
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Table 1. Specimen characterization. Uncertainty is calculated as 1 SD. wt. ppm, 
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concentration of species by weight in parts per million. 


Forced oscillation conditions 


Maximum Maximum 
Specimen a a; pit que?) Water contents flow stress strain 
(um) (um) mn (Fig. 3) (i Ppa Hz) (MPa) (x10-5) 
H6585 3.1 (1.8) 3.1 (1.4) 1.0 (0.7) 1.0 (0.9) 3/2 0.53 1.00 
D6618 5.0 (2.6) 4.9 (2.5) 4.8 (1.6) 1.9 (0.8) 4/2 0.19 0.46 
D6646 4.8 (2.6) 5.0 (3.2) 7.1 (1.8) 5.1 (2.0) 2/2 0.35 0.95 
10436 6.7 (4.7) 5.7 (3.7) 2.4 (1.0) 1.3 (1.1) 5/2 0.38 0.78 


*Grain size d, where 7 and f indicate before 
respectively. 


Fig. 1. Backscattered electron (BSE) micrographs of (A) a hot-pressed and 
un-deformed olivine specimen (H6585), (B) a compressively pre-deformed speci- 
men (D6646), and (C) a torsionally pre-deformed specimen (T0436) after forced- 


Fig. 2. Shear modulus (A and B) 
and dissipation (C and D) plotted 
against log, (oscillation period) for 
selected pre-deformed sol-gel olivine 
specimens, color-coded for represent- 
ative temperatures as follows: 1100°C 
(maroon), 1050°C (green), 1000°C (or- 
ange), 950°C (red), and 900°C (blue). 
The dashed curves represent a model 
involving a Burgers-type creep function 
fitted to data for a suite of un-deformed 
hot-pressed olivine specimens (16). 
The model was evaluated at the grain 
size relevant for each specimen. Shear 
moduli for specimen 10436 higher 
than the (isotropic) anharmonic value 
(66.5 GPa at 900°C) are tentatively 
attributed to elastic anisotropy asso- 
ciated with crystallographic preferred 
orientation. 


and after forced-oscillation testing, respectively. 


+Water content before/after forced-oscillation testing [calibration as in (28)]. 
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oscillation testing. The dislocation density increased during deformation and 
remained higher than a that of a hot-pressed specimen after forced-oscillation 
testing. The average grain size is typically from 3 to 6 um. 
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A single exploratory study of dislocation damping 
to date has demonstrated enhanced strain-energy 
dissipation in favorably oriented pre-deformed 
specimens of single-crystal forsterite (/7). 

Following this promising lead, we present a 
systematic study of pre-deformed polycrystalline 
olivine to determine the influence of dislocation 
density on shear wave speeds and attenuation 
within Earth’s upper mantle. We deformed oli- 
vine specimens in either triaxial compression or 
torsion to introduce populations of differently 
oriented dislocations. A simple analysis of the 
resolved shear stress for dislocation glide in poly- 
crystalline olivine samples containing randomly 
oriented crystallites, pre-deformed in either com- 
pression or torsion, suggests that prior deforma- 
tion in torsion is likely to yield higher levels of 
strain-energy dissipation in subsequent torsional 
oscillation tests (supplementary materials). The 
shear modulus (G) and strain-energy dissipation 
(QO ') were derived from the measured complex 
torsional compliance of experimental assemblies, 
each containing a deformed specimen, and were 
compared to a model fitted to equivalent data for 
a suite of undeformed (hot-pressed) olivine spec- 
imens, tested under similar conditions of temper- 
ature, pressure, and forced-oscillation period. 

We performed microstrain forced torsional 
oscillation tests under conditions of simultaneous 
high temperature and pressure (16, 78). Based on 
dislocation recovery rates measured in olivine at 
a range of temperatures under similar oxygen fu- 
gacity conditions (/9), the conditions for forced- 
oscillation testing of the pre-deformed specimens 
were limited to 1100°C, at which recovery is ex- 
pected to decrease the free dislocation density by 
only 10% over a period of 50 hours. We initially 
monitored the forced-oscillation response for 
several tens of hours at 200 MPa, confining pres- 
sure and the maximum temperature in order to 
ensure broadly stable grain-scale microstructure 
without excessive dislocation recovery. There- 
after, forced-oscillation tests at 1- to 1000-s pe- 
riods were performed at selected temperatures, 
spaced by 25° to 200°C, during staged cooling to 
room temperature. A final excursion back to high- 
temperature conditions verified the reproducibil- 
ity of the forced-oscillation data. The maximum 
shear stress at 1100°C during a 1000-s period of 
oscillation was about 0.5 MPa (Table 1), asso- 
ciated with a maximum strain of 1 x 10° (20), 
without any compelling evidence of nonlinear be- 
havior associated, for example, with dislocation 
multiplication (77, 2/1, 22). 

Microstructures of the hot-pressed and pre- 
deformed specimens, in particular the markedly 
different densities of dislocations, were imaged 
by backscattered electrons (Fig. 1). The reduction 
in dislocation density during high-temperature 
forced-oscillation testing was around 50% higher 
than predicted by a previous study of recovery 
kinetics (19). There was otherwise little micro- 
structural evolution of the compressively pre- 
deformed specimens. A clean foam texture was 
preserved, with straight grain boundaries and 


only minor grain growth (Fig. 1 and Table 1). Af 
ter the forced-oscillation testing, we found the 
torsionally pre-deformed specimen T0436 to have 
a somewhat smaller grain size and a more uni- 
form fabric than before testing (fig. S4). 
Forced-oscillation testing of both compres- 
sively and torsionally pre-deformed solution- 
gelation (sol-gel) olivine (supplementary materials) 
demonstrates a systematic reduction of shear mod- 
ulus with increasing oscillation period and tem- 
perature (Fig. 2, A and B). We find a similar 
period dependence for Q' of both specimens 
(Fig. 2, C and D), with systematically and mono- 
tonically higher dissipation toward longer oscilla- 
tion periods and higher temperatures. The G and 
Q' data from the more highly pre-deformed 
specimens (D6646 and T0436) are similar in 
many respects, consistent with their similar grain 
sizes. However, the final dislocation density of 
T0436 was lower by a factor of 4 and close to that 
of the hot-pressed specimen H6585 (Table 1). If 
we compare our data for the two more-highly pre- 
deformed specimens with a Burgers-type creep 
function (JF) model describing the behavior of 
undeformed but otherwise equivalent specimens 
(16), it becomes clear that the shear modulus 
measured on each of the pre-deformed speci- 


0.30 


mens (Fig. 2, A and B) is more strongly period- 
dependent above 1000°C than in the JF model 
(Fig. 2). Also, G is higher at low temperature for 
the torsionally pre-deformed specimen, possibly 
reflecting elastic anisotropy associated with crys- 
tallographic preferred orientation (fig. S4). The 
dissipation measured for each pre-deformed spec- 
imen (Fig. 2, C and D) is substantially higher 
across the entire range of oscillation periods than 
in the JF model, especially at relatively high tem- 
peratures (Fig. 2). The increased dissipation and 
shear modulus dispersion of pre-deformed speci- 
mens as compared to the JF model for the be- 
havior of undeformed specimens suggest that 
dislocations introduced during prior deformation 
are responsible for the substantial enhancement 
of a broad anelastic absorption band. We did not 
observe a dissipation peak that is diagnostic of a 
narrow distribution of relaxation times. 

Overall, dissipation increased systematically 
with increasing strain or dislocation density in prior 
compressive deformation (D6618 and D6646) as 
compared to undeformed olivine (H6585) (Fig. 3). 
Furthermore, the torsionally pre-deformed speci- 
men T0436 was 2.4 times as dissipative as a com- 
pressively pre-deformed specimen of the same final 
dislocation density (Fig. 3). The linear Q '(p) trends 


x 0.025 Vv Guéguen et al. 1989 
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Fig. 3. Dissipation data (red/orange symbols) plotted against final dislocation density at 1100°C and 0.2 GPa 
confining pressure, for two representative oscillation periods: 12 s (inverted triangles) and 101 s (diamonds). 
Data for compressively pre-deformed olivine define the red linear trends, whose intercepts represent 
dissipation inferred for the intergranular relaxation processes acting alone. The data for torsionally pre- 
deformed olivine are shown by the blue symbols. The error bars attached to the 101-s data represent 1 SD for 
the population of estimates of dislocation density. Uncertainties in G and Q~* are best estimated a posteriori 
from the scatter of the data around the generally systematic trends with varying oscillation period and 
temperature. Results from forced-oscillation testing on single-crystal forsterite (un-deformed and pre- 
deformed) are shown by the light- and dark-green symbols (27). The results of evaluating the JF model (26) for 
upper-mantle grain sizes (gs’s) of 1 mm (purple inverted triangle for 101 s and magenta diamond for 12 s) and 
10 mm (brown bowtie for 101 s and orange square for 12 s) are positioned at p ~ 0.1 um (see inset). 
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(where p is the dislocation density) for the hot- 
pressed and the compressively deformed specimens 
for the representative 12- and 101-s oscillation 
periods, which intercept the Q' axis at ~0.035 
and 0.07 respectively, reflect contributions from 
intergranular relaxation processes, such as grain- 
boundary sliding, in the fine-grained (3 to 6 um) 
polycrystalline olivines of this study. The additional 
dissipation, attributable to dislocation damping, was 
approximately QO ' = 0.024 x p (um ”) at a 101-s 
period for the compressively pre-deformed mate- 
rials. Thus, dislocation damping may account for 
about 25% of the dissipation measured in the fine- 
grained (3.1 j1m) hot-pressed specimen 6585. 

In order to assess the relative contributions of 
these two dissipation mechanisms for the larger 
grain sizes expected of Earth’s mantle, we used 
the previously mentioned JF model (/6), describ- 
ing the behavior of undeformed, essentially dry 
and melt-free polycrystalline olivine (including 
H6585), of average dislocation density ~0.1 um *. 
This model, evaluated under laboratory conditions 
of 0.2 GPa and 1100°C and at the experimental 
periods near 12 and 101 s for representative upper- 
mantle grain sizes of 1 and 10 mm, yields values 
of O'' between 0.0065 and 0.0115 (Fig. 3, inset). 
Such dissipation is largely due to intergranular re- 
laxation rather than dislocation damping. For com- 
pressively pre-deformed olivine tested at a 101-s 
period, comparable levels of dissipation would 
be expected from dislocation damping alone for 
upper-mantle dislocation densities of 0.3 to 
0.5 wm *. The torsionally pre-deformed speci- 
men (T0436) of the present study, with a popula- 
tion of dislocations similarly favorably oriented for 
glide, displayed much higher levels of dislocation 
damping than did compressively pre-deformed 
materials of comparable dislocation density. We 
conclude therefore that dislocation damping asso- 
ciated with typical upper-mantle dislocation den- 
sities (~0.01 to 0.1 um 7) (10, 23) may contribute 
comparably with grain-boundary-related dissipa- 
tion (with associated shear wave dispersion), es- 
pecially in regions of Earth’s upper mantle that 
are subject to relatively high prevailing (or fossil) 
deviatoric stress o and consequently high dis- 
location density (//), and for shear waves with 
propagation/polarization directions that provide 
high resolved shear stress for dislocation glide. 

Deformation in and beneath the oceanic litho- 
sphere spreading away from a mid-ocean ridge in- 
volves simple shear in the vertical plane parallel 
to the spreading direction. This shear, if accom- 
plished by glide on the dominant [100](010) slip 
system of olivine, will tend to result in rotation 
of the (010) planes of individual olivine crystals 
toward the horizontal so that [100] is preferen- 
tially aligned with the spreading direction. A 
crystallographic preferred orientation of this type, 
commonly measured in mantle xenoliths, provides 
the accepted explanation of the azimuthal anisot- 
ropy of compressional (P,,) wave speed (6, 24, 25). 
This fabric provides favorable average Vgy > Vsy 
(Vsy, shear wave velocity with horizontal polar- 
ization; Vgy, shear wave velocity with vertical 


polarization) in transversely isotropic seismolog- 
ical wave speed models (26) that account for the 
discrepancy between Rayleigh and Love surface 
wave velocities (27). This fabric offers optimal av- 
erage resolved shear stress for [100](010) dislo- 
cation glide for the geometry of the simple shear 
stress field controlling ongoing tectonic deforma- 
tion beneath the oceanic plate. The same stress 
field applies to vertically travelling shear waves 
polarized parallel to the direction of plate motion 
direction. Accordingly, we predict that these seis- 
mic waves should be most strongly attenuated by 
dislocation glide in the suboceanic mantle. 

Our data demonstrate that strain-energy dis- 
sipation (and shear modulus dispersion) associ- 
ated with grain-boundary relaxation phenomena 
are augmented by the effects of dislocation re- 
laxation. The relaxation strength is expected to 
vary linearly with the dislocation density, and in 
turn with the magnitude of the fossil/prevailing 
stress field as p & 0” (J). However, only in rel- 
atively cool parts of the lithosphere is a high dislo- 
cation density, reflecting a high fossil stress, likely 
to survive the process of static dislocation recovery. 
Under these circumstances, the relevant tectonic 
settings of high potential for dislocation damping 
will be regions in the lower lithosphere and as- 
thenosphere, where olivine is or was deformed via 
(steady-state) dislocation creep. These regions in- 
clude suboceanic mantle, deep-lithosphere shear 
zones, and the material immediately above and 
beneath an actively subducting slab. 
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Dynamic Causes of the Relation Between 
Area and Age of the Ocean Floor 


N. Coltice,*?* T. Rolf,? P. J. Tackley,? S. Labrosse*? 


The distribution of seafloor ages determines fundamental characteristics of Earth such as sea 

level, ocean chemistry, tectonic forces, and heat loss from the mantle. The present-day distribution 
suggests that subduction affects lithosphere of all ages, but this is at odds with the theory of thermal 
convection that predicts that subduction should happen once a critical age has been reached. We used 
spherical models of mantle convection to show that plate-like behavior and continents cause the 
seafloor area-age distribution to be representative of present-day Earth. The distribution varies in time 
with the creation and destruction of new plate boundaries. Our simulations suggest that the ocean 
floor production rate previously reached peaks that were twice the present-day value. 


a first-order observation that determines 
the evolution of Earth’s surface and inte- 
rior (/). Because heat flow and bathymetry direct- 


T: distribution of ages of the ocean floor is 


ly depend on the age of the ocean floor (2), a shift 
in the area-age distribution profoundly modifies 
Earth’s cooling (3), sea level (4, 5), and conse- 
quently global climate (6, 7). The characterization 
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of the age of the ocean floor has shown that its 
present-day area per unit age decreases roughly 
linearly with increasing age (8, 9), defining a 
function triangular in shape (Fig. 1A) for which a 
common expression is 
t 
+) 


dA(t) 
#9 = c (1 
where A(¢) is the area of ocean floor that is 
younger than age f, Co is the rate of generation 
of new ocean floor, and tnax is the age of the 
oldest seafloor [where present-day Co and tax 
are 3.01 km? year | and 180 million years (My), 
respectively, and Co(tmax/2) 1s the total oceanic 
surface]. 

If such a distribution were to define a steady 
state, it would result from a constant production 
of ocean floor for the past 180 My combined with 
a consumption of seafloor, with a probability in- 
dependent of its age (/, 10). However, an evolv- 
ing crustal production could explain the variance 
of the data equally well (//) and one-dimensional 
(1D) models provide a good fit to the present-day 
observations as long as spreading rates have varied 
(12). Indeed, seafloor spreading reconstructions 
have shown variations of ocean floor production, 
essentially through creation of mid-ocean ridges 
after the breakup of Pangea (/3—/5). As a conse- 
quence, the distribution has differed from the 
triangular shape we observe today (/2, 15). 

The dynamic origin of the area-age distribu- 
tion is a subject of debate, because subduction of 
young and buoyant seafloor seems at odds with 
the principles of convection that predict insta- 
bilities of the top boundary layer occurring for 
old and cooled material only. Continents may 
geometrically impose subduction of seafloor in- 
dependently of the age (3), but other mechanisms 
could also reduce the dependence of subduction 
on seafloor age. Most of them involve rheolog- 
ical complexities of plates such as plate bending 
(16) and dehydration stiffening (/7). However, 
simulations of mantle convection have never pre- 
dicted any consistent triangular area-age distri- 
bution, thereby failing to satisfy an elementary 
geological constraint on mantle dynamics. 

We performed 3D spherical mantle convec- 
tion simulations introducing minimal complexity 
to study the causes of the triangular area-age 
distributions (/8). In the following models, we 
varied the number of continents (for a constant 
surface fraction of 30%) and the rheology (iso- 
viscous or inducing plate-like behavior). In these 
simulations, we calculated synthetic ages for the 
ocean floor from the computed local heat flow by 
means of the half-space cooling approximation 
(18), which is a very good approximation for a 
mantle convection model (3). However, the synthet- 
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Fig. 1. (A) Distribution of area versus age (Ma, millions of years ago) of the ocean floor on the present-day 
Earth from (9). (B) Time-averaged distribution computed in 3D spherical simulations implementing 
continents (red) or plate-like behavior (black) over 5 billion years. (C) Time-averaged distribution computed 
in 3D spherical simulations implementing continents (their cumulative area is 30% of the total) and plate- 
like behavior. The model with plumes (purple) has 15% of core heating generating hot plumes. The straight 
dashed line in each panel represents the best triangular fit for the present-day distribution. The error bars 
show the standard deviation of the distribution. 
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Fig. 2. Snapshots of the distribution of the area versus age of the ocean floor along with the cor- 
responding best triangular fit in dashed lines (left) and maps of synthetic isochrons (right) computed in 
the 3D spherical convection models. The gray areas on the maps represent the continents, the white lines 
are the positions of the downwellings, and the age contours are plotted at 10-My intervals. (A and B) An 
example corresponding to a triangular distribution (with three continents covering respectively 15%, 
10%, and 5% of the surface). (C and D) An example for a flat distribution (one supercontinent). (E and F) 
An example for a skewed distribution (six continents covering 5% of the surface each). 
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Fig. 3. Production rate of new ocean floor (top) and oceanic heat flow (bottom) as a function of elapsed 
time in models with the supercontinent covering 30% of the surface (black) and with six continents each 
covering 5% of the surface (red). The average productions are 4.91 km year~* with one continent and 
4.55 km year * with six continents, with standard deviations of 1.59 km year * and 0.97 km year“, 
respectively. The transit time t, of 85 My is used for the scaling (18). The averages of the heat flow are 
38.2 TW with one continent and 39.3 TW with six continents, with standard deviations of 4.8 TW (12%) 
and 2.8 TW (7%), respectively. The vertical dashed lines illustrate the points in time represented in Fig. 2C 
and Fig. 2E. The distributions computed over the time period give the average distributions in Fig. 1C. 
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Fig. 4. (A and B) Evolution of the average spectral heterogeneity of the temperature field in (A) the 
supercontinent case and (B) the six-continent case, corresponding to the evolution depicted in Fig. 3. 
Shown are powers of the first six harmonic degrees in a logarithmic scale, depth-averaged over the upper 
mantle. For each point in time, the spectrum is normalized separately with the maximum spectral power 
occurring at this time. The color scale corresponds to the normalized power. 


ic ages can be biased in regions of downwellings 
and in diffuse zones of extension or compression 
where heat transport is more complex. 
Convection simulations integrated over 5 bil- 
lion years generated time-averaged distributions 


of the area versus synthetic age of ocean floor. 
For the model with six continents (each covering 
5% of the surface area) but without plate-like 
behavior (i.e., the viscosity is constant for each 
material), the synthetic area-age distribution is 
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not triangular but the area decreases with age 
faster than exponentially (Fig. 1B). As previously 
observed, this is typical of internally heated con- 
vection (3, /9). The area-age distribution for the 
model without continents but with plate-like be- 
havior is also not triangular (Fig. 1B); it displays 
a skewed plateau. The plateau expresses the fact 
that young and hot material is not entrained in 
subduction and only the lithosphere that has 
reached a certain age (here, around 60 My) can 
be subducted. These distributions are consistent 
with those already computed in models without 
continents and in cartesian geometry (3). 

When plate-like behavior and continents are 
combined, the average area-age distribution is 
close to a triangular shape with an approximately 
linear decrease of the area with increasing age 
and a present-day production of seafloor slightly 
larger than the observed present-day value (Fig. 
1C). The averaged synthetic distributions given 
by the convection models with continents and 
plate-like behavior are in good agreement with 
the observed triangular distribution for the present- 
day Earth and with a 1D distribution correspond- 
ing to a model with a subduction probability 
depending on the square root of age (/2). Simu- 
lations with different numbers and sizes of con- 
tinental blocks, with and without a reasonable 
amount of core heating (15% of the total heat 
flow), yield results with very little differences. 

Within the course of a simulation, the area-age 
distribution is mostly triangular but evolves with 
the birth of new plate boundaries and the vanish- 
ing of others. When the distribution is triangular 
(Fig. 2A), ridge-like structures with “young” ocean 
floor end at triple junctions and regions of trans- 
form motion (Fig. 2B). The downwellings here 
are mostly located on the edges of the continents. 
Several of the ridge-like structures are cut by down- 
wellings, highlighting the sinking of “young” ma- 
terial in these models. Here, continents seem to act 
as a geometrical constraint that imposes the location 
of downwellings at the continent-ocean boundary. 

A first type of nontriangular distribution (Fig. 
2C) is relatively flat with a smaller value for the 
production of new ocean floor (fax 1s about the 
same as for the triangular shape), where down- 
wellings are not all located on the edges of the 
continents (Fig. 2D). Such a distribution is more 
likely encountered in simulations with few con- 
tinents (one or two), rather than with many. This 
distribution is close to that observed with plate- 
like behavior and without continents described 
above. Hence, a flat distribution could occur when 
the geometrical influence of the continents on the 
location of downwellings is minimal and when the 
flow is self-organized so that ocean floor is free to 
reach a critical buoyancy before starting to sink. 

A second type of nontriangular distribution, 
observed in all the simulations at times where new 
plate boundaries are generated (Fig. 2E), has two 
characteristics: a large production of new ocean 
floor (here almost twice the time-averaged one) 
and a relative skewness. In this snapshot, ridge- 
like structures dominate and are very irregular. 
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They are formed in response to the onset of new 
cold instabilities. They develop and a reorganization 
of the flow takes place to progressively produce a 
more triangular distribution. Variations in the shape 
of the distribution with time are consistent with 
reconstructions for the past 150 My (72, 14, 15). 
The shape of the distribution may have evolved 
from flat-like, when Pangea was barely splitting, 
to a skewed distribution after the birth of new 
ridges (/5), ultimately transforming to the present- 
day triangular shape with dispersed continents. 
Like the shape of the area-age distribution, 
the rate of production of new ocean floor (youn- 
ger than 10 My) in the mantle convection mod- 
els varies with time (Fig. 3). Fluctuations are 
moderate—32% and 21% of the mean value 
for the supercontinent and six-continent cases, 
respectively—but they can reach 100% at times, 
doubling or halving the production of new ocean 
floor. The strongest variations occur on a time 
scale of 500 million years, which corresponds to 
the time scale of flow reorganization through the 
onset of new plate boundaries. The peaks of pro- 
duction are generally correlated with the gener- 
ation of new plate boundaries and peaks in heat 
flow (like the configuration in Fig. 2F). The fluc- 
tuations are stronger with one continent than with 
six continents. Many small continents make the 
flow adopt a smaller wavelength, so that a change 
in plate organization has a smaller contribution 
to the total (Fig. 4). The smaller wavelength im- 
poses a higher time-averaged heat flow than for 


the supercontinent case (20). The magnitudes 
and time scales of the computed variations of 
the production of new ocean floor are compara- 
ble to those extracted from seafloor spreading 
reconstructions (12, /3). 

Our models provide a fundamental basis for 
realistically simulating Earth’s mantle convection. 
Although they have relatively low Rayleigh num- 
bers and simplified parameters for the interior of 
the mantle, they show that plate-like behavior and 
the presence of continents are the two necessary 
ingredients to build a model in which young 
seafloor is subducted like on Earth. Continents 
constrain the location and geometry of the down- 
wellings that cool Earth’s mantle. When subduc- 
tion is confined at an ocean-continent boundary, 
convection forces the subduction of very young 
seafloor. Such a situation is favored by continen- 
tal growth and dispersal. The distribution of sea- 
floor age is a primary observation that should 
be used as a diagnostic when simulating Earth’s 
mantle, predicting the long-term cooling of Earth, 
the fluctuations of sea level caused by tectonics 
(21) that ultimately condition climate change on 
geological time scales. 
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A Segmentation Clock with 
Two-Segment Periodicity in Insects 


Andres F. Sarrazin,*t Andrew D. Peel,t Michalis Averoft 


Vertebrate segmentation relies on a mechanism characterized by oscillating gene expression. Whether 
this mechanism is used by other segmented animals has been controversial. Rigorous proof of cyclic 
expression during arthropod segmentation has been lacking. We find that the segmentation gene 
odd-skipped (Tc-odd) oscillates with a two-segment periodicity in the beetle Tribolium castaneum. By 
bisecting embryos and culturing the two halves over different time intervals, we demonstrate that 
Tc-odd cycles with a period of about 95 minutes at 30°C. Using live imaging and cell tracking in green 
fluorescent protein—expressing embryos, we can exclude that cell movements explain this dynamic 
expression. Our results show that molecular oscillators represent a common feature of segmentation in 
divergent animals and help reconcile the contrasting paradigms of insect and vertebrate segmentation. 


any animals generate body segments se- 
quentially from a posterior region known 
as the growth zone (/, 2). Whether there 
are common mechanisms underlying this process of 
segmentation in disparate segmented animals, such 
as vertebrates, annelids, and arthropods, has been 
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intensely debated (3-8). A role for molecular os- 
cillators in segmentation was initially proposed 
on theoretical grounds by Cooke and Zeeman (9). 
Their “clock and wavefront’ model explained how 
the temporal periodicity of a clock could be trans- 
lated into a repetitive spatial pattern during sequen- 
tial segmentation. Subsequent studies showed that 
oscillating patterns of gene expression sweeping 
through the growth zone play a key role in verte- 
brate segmentation (/0-/3). 

A number of studies have indicated that an 
equivalent segmentation clock may operate in the 
presegmental zone of arthropods (3-5, 14, 15). 
These studies revealed changing patterns of gene 


expression in the presegmental zone of an insect, 
a centipede, and a spider. They also showed that 
disrupting Notch signaling, which is an important 
element of the vertebrate segmentation clock 
(73, 16), leads to defects in segmentation in some 
of these species. These results have been inter- 
preted by some researchers as evidence that a 
common mechanism for segmentation was in- 
herited by vertebrates and arthropods from a 
segmented common ancestor. 

However, several doubts remain regarding 
this interpretation. First, Notch signaling is known 
to be involved in many other developmental pro- 
cesses, such as specification of the presegmental 
zone. These diverse functions may provide al- 
ternative explanations for segmentation defects 
(8, 17, 18). Second, cycling expression patterns 
have been inferred from in situ hybridization 
stainings on fixed embryos and comparison of 
similarly staged embryos. However, embryo-to- 
embryo variation and difficulty in accurately 
staging embryos (relative to the speed of segment 
formation) limits the reliability of this approach. 
Moreover, it has not yet been proven that these 
dynamic expression patterns reflect intracellu- 
lar changes in gene expression, rather than cell 
movements. Thus, there is no rigorous demon- 
stration that cyclic waves of expression are sweep- 
ing through the growth zone of arthropods. We use 
embryo culture and live imaging in the insect 
Tribolium castaneum to address these issues. 
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We focus on the expression of the pair-rule 
ortholog odd-skipped (Tc-odd) during early germ- 
band elongation. 7c-odd is expressed in primary 
“pair-rule” stripes, corresponding to alternate seg- 
ments, emerging from the growth zone (/9); sec- 
ondary segmental stripes appear later. Knockdown 
of Tc-odd arrests segmentation (19). We noticed 
that 7c-odd expression in the growth zone and in 
the overlying amnion varies among similarly staged 
embryos (Fig. 1). In particular, embryos that have 
the same number of primary 7c-odd stripes in the 
segmented part of the embryo show differences 
in the extent and strength of 7c-odd expression 
within the posterior growth zone (e.g., compare 
panels A’ to F’ in Fig. 1). These differences are 
also evident when 7c-odd expression 1s compared 
to the expression of the Zribolium ortholog of 
even-skipped (Tc-eve) (fig. S3). Tc-odd expression 
appears dynamic both in the ectoderm, the meso- 
derm, and the amnion (fig. S4). Taking the extent 
of amnion closure, the emergence of the secondary 
(segmental) 7c-odd stripes, and the overall shape 
of the germband as reference points (Fig. 1, A to 
F), we placed embryos in a putative temporal 
sequence and subdivided the period that leads to 
the production of each new 7c-odd stripe into three 
phases, named I, II, and III (see supporting online 
material and Fig. 1). By comparing these stainings 
to time-lapse recordings of live embryos (movie 
S1), using amnion closure as a reference, we 
roughly estimate that a new primary 7c-odd stripe 
is generated within 40 to 110 min at 30°C. 


To address the criticism that different ex- 
pression patterns may reflect variation among 
embryos, rather than temporal changes, we need 
to observe gene expression in the same embryo 
during successive time points. We achieved this 
using the approach taken by Palmeirim et al. 
(0) to prove oscillations in the vertebrate pre- 
somitic zone. First, we developed a method for 
Tribolium embryo culture, which allows the de- 
veloping germband (embryo proper) to be dis- 
sected away from the surrounding yolk and 
serosa and to be grown in cell culture medium 
(Fig. 2). Germbands taken during early segmental 
stages (phase 3.III) continue to form segments for 
up to 5 hours in culture, at normal speed, with 
no overt morphological defects (Fig. 2C). This 
enabled us to bisect embryos in culture and to 
sample the expression pattern of Tc-odd at dif- 
ferent time points in each half-embryo: Immedi- 
ately after dissection, we cut individual germbands 
along the midline into halves (Fig. 2B); one half 
was fixed immediately after bisection (¢ = 0), 
whereas the other was cultured over different time 
intervals (15 to 105 min) before fixation. Both 
halves were then simultaneously subjected to in 
situ hybridization for 7c-odd. By comparing ex- 
pression in these half-embryos, we demonstrate 
that 7c-odd expression in the growth zone changes 
from high to low levels, and back to high levels 
again, during production of the third and fourth 
primary stripes (Fig. 2, D and E). These ex- 
periments allow us to define more precisely the 
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Fig. 1. Expression of Tc-odd during early germband elongation. (A to F) In 
situ hybridization for Tc-odd in elongating germbands at stages 3.II to 5.1, in 
ventral view (for staging, see supporting online material). The growth zone is 
located posterior to the black arrowheads. White arrowheads mark the pos- 
terior edge of the amniotic fold. (A’ to F’) Intensity profiles of Tc-odd ex- 
pression along the anterior-posterior axis of germbands. The intensity of 
staining was measured on the lateral part of the germbands shown in (A) to 
(F), encompassing the ectoderm and the amnion (for explanations, see fig. 
$1). Note the changing profile of Tc-odd expression within the posterior 
growth zone (gray area) during the emergence of new primary Tc-odd stripes 
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cycling period of Tc-odd, which we estimate to 
be ~95 min at 30°C (fig. S5). 

Next, we asked whether the observed changes 
in Tc-odd expression might be explained by cell 
movements in the growth zone, rather than 
changes in expression levels within cells. To 
directly address this, we established live imaging 
in Tribolium embryos and dissected germbands. 
We generated a transgenic line expressing 
nuclear-localized green fluorescent protein (GFP) 
driven by a Zribolium ubiquitous promoter (see 
supporting online material) and developed meth- 
ods for imaging live Tribolium embryos under 
a spinning-disc confocal microscope. Whole em- 
bryos could be kept alive for more than 5 hours, 
with no apparent defects in morphogenesis, al- 
lowing us to visualize morphogenetic processes 
such as embryo condensation, amnion formation, 
germband elongation, and segmentation (Fig. 3A 
and movies S1 and S82). Dissected germbands 
were viable under a coverslip and could be 
imaged for 2 to 3 hours, allowing us to track the 
movements of individual nuclei in the growth 
zone and elongating germband (movie S3). 
Although only a small number of nuclei can be 
tracked reliably over a period of 1 hour at 30°C, 
this is sufficient to provide a map of cell move- 
ments in the early Tribolium germband (Fig. 3B). 
Compared with Yc-odd expression in cotrre- 
sponding stages, this map shows that cell move- 
ments could not account for the changes in 7c-odd 
expression that we observe in the growth zone 
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from that zone. During phase | of stripe formation [(C) and (F)], the growth zone 
has low levels of Tc-odd, except for two lateral spots of expression that mark 
the initiation of a new cycle of Tc-odd expression. At phase II [(A) and (D)], 
Tc-odd expression extends through the growth zone, such that a posterior 
domain of high Tc-odd expression is established. At phase III [(B) and (E)], 
Tc-odd expression in the posterior-most part of the growth zone is reduced 
to low levels, whereas cells at the anterior of the growth zone still express 
high levels, establishing a broad primary stripe. In a typical collection of 
embryos, each phase is found in roughly equal numbers. P1 to P4, primary 
stripes; S1 to $4, intercalating secondary stripes; gz, growth zone. 


www.sciencemag.org SCIENCE VOL 336 20 APRIL 2012 


339 


Downloaded from www.sciencemag.org on April 19, 2012 


340 


EPORTS 


t=30 


Fig. 2. Germband culture and bisection exper- 
iments examining Tc-odd expression at successive 
time points. (A) Side view of early Tribolium embryo 
expressing nuclear-localized GFP. At this stage, the 
germband has sunk into the yolk and is becoming 
enveloped by the serosa and the amnion. The as- 
terisk marks the point of first incision for dissecting 
the germband. (A’) Same embryo, after the serosa 


and yolk have been partially removed. (B) Ventral view of fully dissected germband in culture. (B‘) Same embryo shown after bisection along the midline. (C) 
Successive pictures of a germband in culture. The germband was mounted under a coverslip and cultured for more than 5 hours at 30°C. (D and D’) In situ 
hybridization for 7c-odd on two halves of the same embryo. One half was fixed immediately after dissection (D), whereas the other was cultured for 30 min at 30°C 
before fixation (D’). Tc-odd expression in each half-embryo is at phase 3.11 and 3.II, respectively. (E and E’) Same experiment, with half-embryos at phases 4.1 and 4. 
Il. The lateral part of the growth zone, encompassing the ectoderm and amnion, is outlined with a dashed line; the medial part, which also includes mesoderm, is 
marked M (see fig. S1). In panel E’, the oblique stripe of Tc-odd expression (white arrowhead) is in the amnion. Anterior is toward the top in all panels. 


Fig. 3. Live imaging and tracking cell move- 
ments in Tribolium germbands. (A) Live imaging 
of Tribolium embryo expressing nuclear-localized 
GFP, during early stages of germband elongation. 
White arrowheads mark the posterior edge of 
the amniotic fold as it extends over the germband 
(compare to Fig. 1). The frames shown were taken 
at 15-min intervals at 30°C; the corresponding 
time-lapse movie is shown in movie S1. (B) Tracks 
of individual ectodermal cells over a 60-min period 
at 30°C; black circles mark the initial position of 
cells and red circles mark their final position. (C 
to E) Cell positions at 0, 30, and 60 min are super- 
imposed on Tc-odd stained embryos at the corre- 
sponding developmental stages (4.1, 4.II, and 4.III) 
(see Fig. 1, C to E). Cell populations that initially 
express very low levels of Tc-odd subsequently lie 
in areas that express the gene at high levels, and 
then low levels. All panels show ventral views. 
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(Fig. 3, C to E). These changes must be due to 
changes in mRNA levels within cells. 

We find that cells in the early extending 
germband tend to become separated along the 
anterior-posterior axis and converge toward the 
ventral midline, which indicates that they undergo 
convergent extension. This is likely to be a major 
force driving germband elongation. In contrast, 
mitosis does not appear to contribute significant- 
ly to early germband elongation (see fig. S6). 

Overall, our analysis provides compelling evi- 
dence for a segmentation clock in the growth zone 
of arthropods. By exploiting methods for embryo 
culture, transgenic markers, live imaging, and cell 
tracking in Tribolium, we are able to demonstrate 
that oscillating expression is due to temporal 
changes in expression levels, proof of which was 
missing in previous studies. The clock involves 
Tc-odd, a pair-rule gene known to be essential for 
Tribolium germband elongation and segmenta- 
tion (9). An odd-related gene is also expressed 
dynamically with a two-segment periodicity in the 
growth zone of a centipede (4), raising the possi- 
bility that a widely conserved segmentation clock 
may exist in the arthropods. These results are con- 
sistent with the hypothesis that pair-rule genes were 
ancestrally part of a segmentation clock and. sub- 
sequently evolved regulation by gap genes, which 
underlies Drosophila segmentation (20). 

Ina wider context, our results support the idea 
that a clock-based mechanism underlies segmen- 


tation in animals as widely separated as arthropods 
and vertebrates. It will be interesting to discover 
whether this common feature reflects a common 
evolutionary origin of segmentation, or a design 
principle that was reinvented on separate occasions. 
In the latter case, the clock mechanism may have 
evolved independently but became integrated 
with a preexisting mechanism of posterior growth 
(, 21, 22). Ultimately, this question might be re- 
solved by comparing the gene regulatory networks 
underpinning the segmentation clock across phyla, 
as has already been attempted within the vertebrates 
(16). Tribolium, as an emerging model organism 
with an increasing array of genetic tools and re- 
sources (23), provides opportunities to investigate 
the arthropod clock mechanism by genetic means. 
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Synthetic Genetic Polymers 
Capable of Heredity and Evolution 
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Genetic information storage and processing rely on just two polymers, DNA and RNA, yet whether their 
role reflects evolutionary history or fundamental functional constraints is currently unknown. With the 
use of polymerase evolution and design, we show that genetic information can be stored in and recovered 
from six alternative genetic polymers based on simple nucleic acid architectures not found in nature 
[xeno-nucleic acids (XNAs)]. We also select XNA aptamers, which bind their targets with high affinity and 
specificity, demonstrating that beyond heredity, specific XNAs have the capacity for Darwinian evolution 
and folding into defined structures. Thus, heredity and evolution, two hallmarks of life, are not limited 
to DNA and RNA but are likely to be emergent properties of polymers capable of information storage. 


the molecular basis for all life through 


T* nucleic acids DNA and RNA provide 
their unique ability to store and propagate 
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information. To better understand these singular 
properties and discover relevant parameters for 
the chemical basis of molecular information en- 
coding, nucleic acid structure has been dissected 
by systematic variation of nucleobase, sugar, and 
backbone moieties (/—7). 

These studies have revealed the profound in- 
fluence of backbone, sugar, and base chemistry on 
nucleic acid properties and function. Crucially, only 
a small subset of chemistries allows information 
transfer through base pairing with DNA or RNA, 
a prerequisite for cross-talk with extant biology. 
However, base pairing alone cannot conclusively 
determine the capacity of'a given chemistry to serve 


as a genetic system, because hybridization need not 
preserve information content (8). A more thorough 
examination of candidate genetic polymers’ poten- 
tial for information storage, propagation, and evo- 
lution requires a system for replication that would 
allow a systematic exploration of the informational, 
evolutionary, and functional potential of synthetic 
genetic polymers and would open up applications 
ranging from biotechnology to materials science. 
In principle, informational polymers can be syn- 
thesized and replicated chemically (9), with advances 
in the nonenzymatic polymerization of mononu- 
cleotides (/0) and short oligomers (/7, 12) enabl- 
ing model selection experiments (/3). Nevertheless, 
chemical polymerization remains relatively inef- 
ficient. On the other hand, enzymatic polymeri- 
zation has been hindered by the stringent substrate 
selectivity of polymerases. Despite progress in un- 
derstanding the determinants of polymerase sub- 
strate specificity and in engineering polymerases 
with expanded substrate spectra (7), most unnatu- 
ral nucleotide analogs are poor polymerase sub- 
strates at full substitution, as both nucleotides for 
polymer synthesis and templates for reverse tran- 
scription. Notable exceptions are 2?0Me-DNA and 
o-L-threofuranosyl nucleic acid (TNA). 2'0Me- 
DNA is present in eukaryotic ribosomal RNAs, is 
well tolerated by natural reverse transcriptases (RTs), 
and has been shown to support heredity and evo- 
lution at near full substitution (74). TNA allowed 
polymer synthesis and evolution in a three-letter sys- 
tem (/5) but only limited reverse transcription (/6). 
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Template Primer Fig. 1. Engineering XNA polymerases. (A) Sequence alignments showing mutations from Tgo consensus in polymerases 


Pol6G12 (red), PolC7 (green), and PolD4K (blue). (B) Mutations are mapped on the structure of Pfu (Protein Data Bank 
identification code: 4AIL). Yellow, template; dark blue, primer; orange, mutations present in the parent polymerase TgoT. 


Fig. 2. HNA synthesis, MS analysis, and reverse 
transcription. (A) Structure of 1,5-anhydrohexitol (HNA) 
nucleic acids (B, nucleobase). (B) Pol6G12 extends the 
primer (p) incorporating 72 hNTPs against template T1 
(table $3) to generate a full-length hybrid molecule with 
a 37,215-dalton expected molecular mass (27). MW, 
ILS 600 molecular weight marker. P, primer-only reac- 
tions. (C) Matrix-assisted laser desorption/ionization— 
time-of-flight spectrum of a full-length HNA molecule 
showing a measured HNA mass of 37,190 + 15 daltons 
(n = 3 measurements). a.u., arbitrary units; m/z, mass- 
to-charge ratio. (D) HNA reverse transcription (DNA syn- 
thesis from an HNA template). Polymerase-synthesized 
HNA (from template YtHNA4) (table $3) is used as tem- 
plate by RT521 for HNA-RT (-* denotes a no HNA syn- 
thesis control to rule out template contamination). 


Here, we describe a general strategy to enable 
enzymatic replication and evolution of a broad 
range of synthetic genetic polymers based on: (i) 
a chemical framework [generically termed xeno- 
nucleic acid (XNA)] capable of specific base pair- 
ing with DNA, (ii) the engineering of polymerases 
that can synthesize XNA from a DNA template, 
and (iii) the engineering of polymerases that can 
reverse transcribe XNA back into DNA. We chose 
six different XNAs in which the canonical ribo- 
furanose ring of DNA and RNA is replaced by 
five- or six-membered congeners comprising 1,5- 
anhydrohexitol nucleic acids (HNAs), cyclohexenyl 
nucleic acids (CeNAs), 2'-O,4'-C-methylene-B-p- 
ribonucleic acids [locked nucleic acids (LNAs)], 
arabinonucleic acids (ANAs), 2'-fluoro-arabino- 
nucleic acids (FANAs), and TNAs (4-6, 17, 18). 

To enable discovery of polymerases capable of 
processive XNA synthesis, we developed a selec- 
tion strategy called compartmentalized self-tagging 
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(CST) (fig. S1). CST selections were performed on 
libraries of TgoT, a variant of the replicative poly- 
merase of Thermococcus gorgonarius compris- 
ing mutations to the uracil-stalling [Val?>—Gin” 
(V93Q)] (19, 20) and 3’-5’ exonuclease (D141A, 
E143A) functions, as well as the “Therminator” 
mutation (A485L) (21). TgoT libraries were created 
from both random and phylogenetic diversity tar- 
geted to 22 short sequence motifs within a 10 A 
shell of the nascent strand (fig. $2). 

CST selections with HNA and CeNA nucleo- 
tide triphosphates (hNTPs/ceNTPs) yielded rapid 
adaptation toward HNA and CeNA polymer- 
ase activity. One polymerase, Pol6G12 (TgoT: 
V589A, E609K, I610M, K659Q, E664Q, Q665P, 
R668K, D669Q, K671H, K674R, T676R, A6815S, 
L704P, E730G) (Fig. 1A), displayed general DNA- 
templated HNA polymerase activity dependent 
on the presence of all four hNTPs (fig. S4) and 
enabled the synthesis of HNAs long enough to 
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encode meaningful genetic information such as 
tRNA genes. HNA synthesis was further investi- 
gated by mass spectrometry (MS), confirming the 
expected molecular mass, composition, and se- 
quence of HNA polymers (Fig. 2C and fig. S6). 

Having established HNA synthesis, we sought 
to discover a reverse transcriptase for HNA (HNA- 
RT), capable of synthesizing complementary DNA 
from an HNA template, to retrieve the genetic 
information encoded in HNA and enable both anal- 
ysis and evolution. As no available polymerase dis- 
played this activity, we engineered an HNA-RT 
de novo. Because HNA adopts RNA-like A-form 
helical conformations (5), we hypothesized that an 
HNA-RT might be found in the structural neigh- 
borhood of an RNA-RT. Starting from TgoT, we 
used statistical correlation analysis (SCA) (22) of 
the polB family (fig. S7) to uncover potential allo- 
steric interaction networks involved in template rec- 
ognition. Random mutagenesis and screening by 
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Fig. 3. XNA genetic polymers. 
Structures, polyacrylamide gel 
electrophoresis (PAGE) of syn- 
thesis (+72 xnt), and reverse 
transcription (+93 nt) of (A) 
CeNA, (B) ANA, (C) FANA, and 
(D) TNA. (E) PAGE of LNA 
synthesis [primer (41 nt) + 72 
Int] and LNA-RT (red) resolved 
by alkali agarose gel electro- 
phoresis (AAGE). LNA synthe- 
sis (green) migrates at its 
expected size (113 nt) and 
comigrates with reverse tran- 
scribed DNA (red) synthesized 
from primer Per (20 nt) (fig. 
S8 and table $3). (F) AAGE of 
XNA and DNA polymers of 
identical sequence. MW, ILS 600 
molecular weight markers. 
Equivalent PAGE is shown in 
fig. S5. (G) XNA RT—polymerase 
chain reaction (MW, New En- 
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Fig. 4. Characterization of HNA aptamers. Anti-TAR 


aptamer T5-S8-7 (HNA: 6’-AGGTAGTGCTGTICGTT- 


CATCTCAAATCTAGTICGCTATCCAGTTGGC-4’) and anti-HEL aptamer LYS-S8-19 (HNA: 6’-AGGTAGTGCTGTI- 
CGTITAAATGTGTGTCGTCGTTCGCTATCCAGTTGGC-4’) were characterized by ELONA (27). (A and B) Aptamer 
binding specificity against TAR variants (red, sequence randomized but with base-pairing patterns maintained) 
and different protein antigens (human lysozyme, HuL; cytochrome C, CytC; streptavidin, sAV; biotinylated-HEL 
bound to streptavidin, sAV-bHEL). OD, optical density. (C) Affinity measurements of aptamer binding by SPR. 


RU, response units. (D) FACS analysis of fluorescein 


isothiocyanate (FITC)—labeled aptamers binding to 


plasmacytoma line J558L with and without expression of membrane-bound HEL (mHEL) (27). wt, wild type. 


a polymerase activity assay (fig. S3) of four SCA 
“hits” (F405, Y520, 1521, L575) in the vicinity of 
L408 [a residue implicated in RNA-RT activity in 
the related Pfu DNA polymerase (23)] identified 
a mutant, TgoT: E429G, I521L, K726R (RT521), 
as a proficient HNA-RT (Fig. 2D). Together with 
Pol6G12, the evolved HNA polymerase, RT5S21 
enables the transfer of genetic information from 


DNA to HNA and its retrieval back into DNA 
(fig. S11). 

Next, we explored if other polymerases de- 
rived by CST and SCA might enable synthesis 
and reverse transcription of other synthetic ge- 
netic polymers. Screening identified PolC7 (TgoT: 
E654Q, E658Q, K659Q, V661A, E664Q, Q665P, 
D669A, K671Q, T676K, R709K) and PolD4K 


(TgoT: L403P, P657T, E658Q, K659H, Y663H, 
E664K, D669A, K671N, T6761) (Fig. 1) as effi- 
cient synthetases for CeNA (C7), LNA (C7), 
ANA (D4K), and FANA (D4K) (Fig. 3, A to C, 
E, and F). Therminator (9°N exo-: A485L) poly- 
merase has previously been shown to support 
TNA synthesis (/6), but TNA-RTs were lacking. 
RTS521 proved capable of both efficient TNA syn- 
thesis and reverse transcription (Fig. 3D). In 
addition, RT521 is an efficient RT for both ANA 
and FANA (Fig. 3, B and C). Another polymerase 
variant, RT521K (RT521: A385V, F445L, E664K), 
was found to enhance CeNA-RT activity and en- 
able reverse transcription of LNA (Fig. 3, A and 
E, and fig. S8). Together, these engineered poly- 
merases support the synthesis and reverse tran- 
scription of six synthetic genetic polymers and thus 
enable replication of the information encoded 
therein (Fig. 3G). 

Mutations enabling DNA-templated XNA 
synthesis were found to cluster at the periphery 
of the primer-template interaction interface in the 
polymerase thumb subdomain, >20 A from the 
active site (Fig. 1B), and, in one case, allowed di- 
rect XNA-templated XNA replication (FANA, 
fig. S9). In contrast, broad XNA-RT activity was 
mostly effected by a mutation (I521L) in proxim- 
ity to a catalytic aspartate (D542) and the poly- 
merase active site. Its identification by SCA points 
to potential allosteric interaction networks involved 
in template recognition. 

As previously observed for TNA (/6), non- 
cognate polymer synthesis can come at a cost of 
reduced fidelity as polymerase structures are poorly 
adapted to detect mismatches or aberrant geometry 
in the noncanonical XNA*DNA (or DNA*XNA) 
duplexes. We determined aggregate fidelities (as the 
probability of errors per position) of a full DNA > 
XNA — DNA replication cycle ranging from 4.3 
103 (CeNA) to 5.3 x 107 (LNA), with HNA, 
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CeNA, ANA, and FANA superior to LNA and 
TNA (figs. S11 and S12 and table S8). 

Synthesis and reverse transcription establish 
heredity (defined as the ability to encode and 
pass on genetic information) in all six XNAs. We 
next sought to explore the capacity of such ge- 
netic polymers for Darwinian evolution. As a 
stringent test for evolution and for acquisition 
of higher-order functions such as folding and 
specific ligand binding, we initiated aptamer se- 
lections directly from diverse HNA sequence 
repertoires. We used a modification of the stan- 
dard aptamer selection protocol comprising mag- 
netic beads for capture and isolation of all-HNA 
aptamers against two targets that had previous- 
ly been used to generate both DNA and RNA 
aptamers (24, 25): the HIV trans-activating re- 
sponse RNA (TAR) and hen egg lysozyme (HEL). 

After eight rounds (R8) of selection with a 
biotinylated [27-nucleotide (nt)] version of the 
TAR RNA motif (STAR) used as bait, clear con- 
sensus motifs emerged (fig. S13) from which we 
identified an HNA aptamer (T5—S8-7) that bound 
specifically to sTAR with a dissociation constant 
(Kp) between 28 and 67 nM, as determined by 
surface plasmon resonance (SPR), bio-layer inter- 
ferometry (BLI), and enzyme-linked oligonucle- 
otide assay (ELONA) titration (Fig. 4C, fig. S14, 
and table S6). Other anti-TAR HNA aptamers 
from the same selection experiment displayed 
similar affinities but distinctive fine specificities 
with regard to binding TAR loop or bulge re- 
gions (Fig. 4A and fig. S14). We initiated selec- 
tion against HEL from an Ngo random sequence 
repertoire and again observed the emergence of 
consensus motifs after R8 (fig. S15). We iden- 
tified specific HEL binders with Kp of 107 to 
141 nM, as determined by SPR, BLI, and fluo- 
rescence polarization (Fig. 4C, fig. S16, and table 
S7). Anti-HEL HNA aptamers cross-reacted with 
human lysozyme and, to a minor degree (<10%), 
with the highly positively charged cytochrome C 
(isoelectric point = 9.6), but did not show bind- 
ing to unrelated proteins such as bovine serum 
albumin and streptavidin (Fig. 4B). Fluorescent- 
ly labeled HNA aptamers allowed direct detec- 
tion of surface HEL expression by flow cytometry 
[fluorescence-activated cell sorting (FACS)] in 
a transfected cell line, demonstrating specificity 
in a complex biological environment (Fig. 4D). 

Our work establishes strategies for the replica- 
tion and evolution of synthetic genetic polymers not 
found in nature, providing a route to novel sequence 
space. The capacity of synthetic polymers for both 
heredity and evolution also shows that DNA and 
RNA are not functionally unique as genetic mate- 
rials. The methodologies developed herein are read- 
ily applied to other nucleic acid architectures and 
have the potential to enable the replication of genetic 
polymers of increasingly divergent chemistry, struc- 
tural motifs, and physicochemical properties, as 
shown here by the acid resistance of HNA aptamers 
(fig. S17). Thus, aspects of the correlations between 
chemical structure, evolvability, and phenotypic di- 
versity may become amenable to systematic study. 


Such “synthetic genetics” (26)—that is, the explo- 
ration of the informational, structural, and catalytic 
potential of synthetic genetic polymers—should 
advance our understanding of the parameters of 
chemical information encoding and provide a source 
of ligands, catalysts, and nanostructures with tailor- 
made chemistries for applications in biotechnol- 
ogy and medicine. 
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Nuclear Genomic Sequences 
Reveal that Polar Bears Are an Old 
and Distinct Bear Lineage 


Frank Hailer,?* Verena E. Kutschera,’ Bjorn M. Hallstrém,? Denise Klassert,’ Steven R. Fain,” 


Jennifer A. Leonard,? Ulfur Arnason,’ Axel Janke 
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Recent studies have shown that the polar bear matriline (mitochondrial DNA) evolved from a 
brown bear lineage since the late Pleistocene, potentially indicating rapid speciation and adaption 
to arctic conditions. Here, we present a high-resolution data set from multiple independent 

loci across the nuclear genomes of a broad sample of polar, brown, and black bears. Bayesian 
coalescent analyses place polar bears outside the brown bear clade and date the divergence 
much earlier, in the middle Pleistocene, about 600 (338 to 934) thousand years ago. This provides 
more time for polar bear evolution and confirms previous suggestions that polar bears carry 
introgressed brown bear mitochondrial DNA due to past hybridization. Our results highlight that 
multilocus genomic analyses are crucial for an accurate understanding of evolutionary history. 


daptation to novel environmental con- 
ditions is an important driver of niche 


specialization and speciation (/). Ex- 
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cept for special cases such as hybrid speci- 
ation (2), the speciation process is generally 
considered to be rather slow in mammals: Pa- 
leontological and genetic evidence indicate 
that most species pairs or sister lineages of 
mammals diverged at least 1 million years 
ago (3, 4). One notable exception seems to 
be the polar bear (Ursus maritimus), a unique- 
ly adapted high-arctic specialist (5, 6) for 
which recent studies have suggested a sur- 
prisingly modern matrilineal origin at less than 
111 to 166 thousand years ago (ka) (7-9). 
These studies found extant polar bears rooted 
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Fig. 1. Ancient origin of polar bears and subsequent introgressive replacement of 
their mitochondrial DNA with a brown bear haplotype. (A) Species tree of nuclear 
intron data. Polar and brown bears are sister groups, with their divergence time 
estimated at 603 (338 to 934) ka. Numbers next to nodes indicate statistical support, 
and gray bars are 95% highest credibility ranges for node ages. (B) MtDNA 
phylogeny. Polar bears are nested within the brown bear clade. The circular arrow 
denotes mtDNA replacement in polar bears before 166 to 111 ka [upper and lower 
95% confidence limits from (9)]. Clades are named according to previously identified 
mtDNA lineages in brown bears (8, 18). (C) Temperature curve since the Pleistocene 
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[modified from (32)], and evolutionary events in bears. “a” denotes the origination of 
the polar bear lineage and “b” the diversification of extant brown bear lineages. 
Shaded gray bars are 95% credibility intervals; black lines denote median estimates. 
(D) Schematic scenario for mtDNA inheritance in bears. Speciation occurred in the 
middle Pleistocene, but hybridization during the late Pleistocene led to mtDNA 
similarity between extant polar bears and brown bears from the ABC islands (7, 8) and 
Ireland (9). The star denotes the brown bear ancestor of extant polar bear mtDNA and 
the “X” a hypothesized disappearance of the ancestral matriline in polar bears. 
mtDNA data from ancient remains indicate additional instances of hybridization (9). 
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within brown bear (U. arctos) diversity, as a 
sister lineage to brown bears from the Alas- 
kan Admiralty, Baranof, and Chichagof (ABC) 
islands or Ireland (7—9). Those results would 
render brown bears paraphyletic and are con- 
sistent with the absence of polar bear fossils 
before the late Pleistocene (7—/0). 

To date, the evolutionary history of polar 
and brown bears has primarily been studied 
using mitochondrial DNA (mtDNA) (7-9, //). 
The few studies that employed nuclear mark- 
ers included only single representations per 
species, therefore lacking power to assess 
paraphyly (9, 12-14). Although mtDNA anal- 
yses are routinely used in phylogenetics and 
phylogeography, they have well-known limi- 
tations, especially in cases of sex bias and/or 
introgressive hybridization (/5). Its maternal 
inheritance renders mtDNA sensitive to ran- 
dom genetic drift but insensitive to male-biased 
gene flow. Moreover, its inheritance as a sin- 
gle linked molecule prevents the estimation 
of genome-wide population genetic parame- 
ters (16). To test the mtDNA-based observa- 
tion of brown bear paraphyly (some brown 
bears being more closely related to polar bears 
than to some conspecifics), nuclear sequen- 
ces from a diversity of brown and polar bears 
are required. Studies using multiple unlinked 
nuclear loci from a broad population sample 
allow the analysis of autonomously inherited 
genetic markers. These yield statistically in- 
dependent information and are therefore es- 
sential for recovering an unbiased picture of 
evolutionary relationships (e.g., species trees) 
and for obtaining accurate estimates of diver- 
gence times (/6). 


Table 1. Mitochondrial and nuclear genetic 
diversity in bears. n, number of analyzed individ- 
uals; 7, Tamura-Nei corrected nucleotide diversity. 


Suede . m (mtDNA) x (nuclear DNA) 
P (x10) (x10?) 
Polar 19 5.45 0.575 
Brown 18 25.13 2.496 
Black 7 17.75 1.437 


Fig. 2. Individual-based cluster- 100% 
ing results from nuclear varia- 
tion in bears. Vertical bars show —_ 75% 
the cluster membership of each 
individual, for a clustering into 
five groups (indicated by sepa- 
rate colors). Polar bears (blue) 
appear to be genetically more 
homogeneous than brown bears, 
within which a subclustering is 0% 
discernible (light and dark brown). 
Note the absence of multilocus 
introgression signals among brown 
and polar bears, indicating that 
much of the polar bear genome is 
unaffected by (recent) hybridization. 
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We sequenced and analyzed 9116 nucleo- 
tides from 14 independent nuclear loci (in- 
trons) across the genome in 45 individuals of 
polar, brown, and black bears (tables S1 and 
S2) (17), using the giant panda as an outgroup 
(17). A species tree was reconstructed using a 
Bayesian multilocus coalescent approach (Fig. 
1A) (16) that embeds the gene trees for each 
locus in a separately estimated species tree. 
With high statistical support (P > 0.99), polar 
bears were recovered as a sister lineage to all 
brown bears, and their divergence time was 
estimated at 603 ka (median estimate), with 
95% credibility intervals (338 to 934 ka) that 
exclude the time frame determined for the 
extant matriline (111 to 166 ka) (9). A phylo- 
genetic analysis of the concatenated data (fig. 
S2) and a neighbor-joining tree of pairwise 
differentiation estimates (Bg) (fig. S3) con- 
firmed this multilocus analysis. Our results 
thus provide a fundamentally different picture 
of the polar bear’s evolutionary history, com- 
pared with the “recent-origin” scenario sug- 
gested for its mtDNA (7, 8). 

Due to the contrasting evolutionary scena- 
rios provided by our nuclear versus published 
mtDNA data, we analyzed (1/7) a 640—base 
pair section of the mitochondrial control re- 
gion to verify that our samples represent the 
main lineages of extant brown and polar bears 
and that their evolutionary relationships re- 
flect the current view of bear mtDNA phy- 
logeny. Indeed, following the nomenclature 
of Leonard ef al. (18), our sampling covers 
brown bear clades 1, 2, 3, and 4, encompas- 
sing individuals from northern and central 
Europe as well as the Alaskan ABC islands 
and across continental North America (Fig. 
1B). Consistent with previous mtDNA studies 
(7-9, 11), all polar bears clustered together 
with high posterior node support (P > 0.99) 
within the diversity of brown bears, sharing a 
most recent common ancestor with the ABC 
island lineage (clade 2a). Our sampling in- 
cludes two of the most strongly differentiated 
microsatellite clusters in polar bears (/9) (east 
versus west Greenland), as well as continen- 
tal North America and Iceland (/7). There- 


fore, this study represents a high-resolution 
data set that compares nuclear genomic var- 
iation in multiple polar and brown bear in- 
dividuals, providing an independent view of 
their evolutionary history. 

Recently diverged species still share many 
alleles in their nuclear genomes because of 
retained ancestral polymorphisms (20, 2/). 
Therefore, given the recent mtDNA diver- 
gence among extant polar and brown bears, 
one might expect the two species to share a 
majority of nuclear haplotypes. However, 
numerous nuclear haplotypes were unique to 
polar bears. Across all polar and brown bear 
samples, we encountered a total of 114 hap- 
lotypes at the 14 intron loci (table S3). Out of 
35 haplotypes in polar bears and 79 in brown 
bears, only 6 were shared (table S3 and fig. 
S1), and most of these were rare in at least 
one taxon. For the majority of nuclear loci, 
polar bear sequences were distinct from those 
in brown bears (fig. $1), and at least 20 sites 
were fixed. Nucleotide diversity in polar bears 
was only about 20% of that in brown bears 
(Table 1), with 22 single-nucleotide polymor- 
phisms in polar bears and 95 in brown bears. 
These analyses support that polar bears are 
a distinct and genetically differentiated spe- 
cies, rather than a lineage that evolved re- 
cently from a brown bear genotype. Although 
the polar bear genome thus harbors an un- 
expected abundance of unique genetic varia- 
tion, effective population size is lower than 
that of its southern relative. This commonly 
observed biogeographic pattern likely reflects 
smaller long-term population sizes and stron- 
ger population bottlenecks in arctic than in 
temperate species (22). 

Overall nuclear genomic differentiation 
(multilocus ®gy) between polar and brown 
bears (0.692) was similar to that between each 
of these and black bears (brown-black 0.685, 
polar-black 0.893) (table S4), consistent with 
long-term genetic distinctiveness of polar bears. 
These findings agree with the nuclear species 
tree (Fig. 1A) but differ from the matrilineal 
scenario. A recent estimate of the polar/brown 
bear divergence time (0.4 to 2 million years) 
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based on nuclear loci and single representations 
per species supports our results (9). Previous 
studies provided an older time frame for the 
black/brown bear divergence (7, 77) than our 
data (Fig. 1A). Therefore, our dating of the 
polar/brown bear divergence could prove an 
underestimate, which would strengthen our 
main conclusions. Our nuclear dating closely 
resembles the time frame for speciation of 
another high-arctic specialist, the arctic fox, 
which diverged from its sister lineage about 
900 ka (23). In accordance with matrilineal 
data (9), our nuclear gene analyses place the 
origin of extant brown bear diversity at ap- 
proximately 125 (65 to 207) ka. The warm 
Eemian interglacial period at 125 ka and the 
ensuing onset of late Pleistocene glacial cy- 
cles (Fig. 1C) may explain the fragmentation 
and origin of modern brown bear lineages. 
Extant genetic diversity in the gray wolf also 
dates back to this time (24). Our dating of 
evolutionary events in bears therefore co- 
incides with analogous events in other Eur- 
asian and North American carnivores. Kurtén’s 
allometry-based suggestion (/0) that polar 
bears could have evolved during the middle 
Pleistocene supports our finding, although 
the oldest known polar bear fossils date to 
less than 110 to 130 ka (7-10). The life of po- 
lar bears on coastal ice, an ephemeral habitat 
shaped by multiple glacial advances and re- 
treats, may explain why older fossils have 
not been found. 

An earlier evolutionary origin of the polar 
bear lineage requires a reinterpretation of the 
established branching pattern of mtDNA lin- 
eages (7-9, 11). In principle, all extant brown 
and polar bear mtDNA could be of polar bear 
origin, but this would require several events of 
hybridization and subsequent mtDNA replace- 
ment (9), which appears unlikely in a wide- 
spread generalist species like the brown bear. 
More parsimoniously, introgressed brown bear 
material may have replaced the original polar 
bear mtDNA (Fig. 1D). This would imply that 
female brown bears mated with male polar 
bears and that the offspring backcrossed into 
the polar bear population [consistent with re- 
cent observations of fertile hybrids in the wild 
(25)]. Polar and brown bears are not generally 
codistributed, but polar bears colonizing coast- 
al land due to sea ice melting during the last 
interglacial could have been susceptible to in- 
trogression from resident brown bears (25, 26). 
Regardless of the direction of mtDNA replace- 
ment, such a process has been described for 
other mammals (27, 28). 

A Bayesian multilocus genotype cluster- 
ing analysis (17, 29) revealed no detectable 
signal of recent or ongoing nuclear gene flow 
between the polar and brown bear individ- 
uals (Fig. 2 and fig. $5). Similarly, migra- 
tion rates among polar and brown bear groups 
did not differ significantly from zero, as shown 
by coalescent-based multilocus simulations 


(table S5 and fig. $4) (30). This suggests that 
polar/brown bear hybridization is currently 
infrequent and/or limited to a few geographic 
regions (25). Nevertheless, mtDNA yields a 
signal of at least one or two hybridization 
events during the late Pleistocene (9), illus- 
trating the usefulness of haploid, uniparen- 
tally inherited loci and ancient DNA studies 
to track reticulate evolutionary relationships 
(7-9). To obtain the overall species tree and 
associated timing estimates, however, the use 
of multiple independent loci is crucial. This 
study therefore highlights that mtDNA does 
not always reflect the species’ overall (genome- 
wide) evolutionary history. 

Despite the lack of average, multilocus 
signals of frequent or recent bear hybridi- 
zation (Fig. 2 and fig. S4), indications of ad- 
mixture are not limited to mtDNA. Some loci 
can remain informative about past hybridiza- 
tion events even when most of the genome is 
unaffected (3/). We found a candidate locus 
for introgression by polar/brown bear hybrid- 
ization. At the intron locus //080, bears clus- 
tered in species-specific haplogroups (fig. S1), 
with one notable outlier: ABC island brown 
bears carried the (fixed) polar bear haplotype. 
If this pattern reflects introgression, it could 
represent evidence of polar bear genetic ma- 
terial in brown bears, suggesting gene flow in 
the opposite direction relative to mtDNA (9). 
Because the process of lineage sorting is slow, 
spanning time scales relevant to speciation 
(20, 21), linkage mapping studies like those in 
canids (3/) will be necessary to pinpoint the 
phylogenetic origins of individual alleles in 
bears. Adaptive introgression not only may 
have helped polar bears to withstand intergla- 
cial warm phases (9) and potentially counter- 
acted inbreeding but also may have facilitated 
the persistence of brown bear populations in 
subarctic landscapes. 

In conclusion, our data suggest that polar 
bears are a genetically distinct lineage that is 
older than previously recognized. An evolu- 
tionary origin several hundred thousand years 
ago implies that polar bears as a species have 
experienced multiple glacial cycles and have 
had considerable time to adapt to arctic con- 
ditions. However, the low genetic diversity in 
polar bears suggests that changes in the envi- 
ronment, such as warm phases, caused popu- 
lation bottlenecks. Although polar bears have 
persisted through previous warm phases, mul- 
tiple human-mediated stressors (e.g., habitat 
conversion, persecution, and accumulation of 
toxic substances in the food chain) could mag- 
nify the impact of current climate change, pos- 
ing a novel and likely profound threat to polar 
bear survival. 
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A Common Pesticide Decreases 
Foraging Success and Survival 


in Honey Bees 


Mickaél Henry,”** Maxime Béguin,”? Fabrice Requier,”> Orianne Rollin,° Jean-Francois Odoux,” 
Pierrick Aupinel,® Jean Aptel,” Sylvie Tchamitchian,”? Axel Decourtye”’* 


Nonlethal exposure of honey bees to thiamethoxam (neonicotinoid systemic pesticide) causes high 
mortality due to homing failure at levels that could put a colony at risk of collapse. Simulated 
exposure events on free-ranging foragers labeled with a radio-frequency identification tag suggest 
that homing is impaired by thiamethoxam intoxication. These experiments offer new insights 
into the consequences of common neonicotinoid pesticides used worldwide. 


olony collapse disorder (CCD) is a re- 
( cent, pervasive syndrome affecting hon- 

ey bee (Apis mellifera) colonies in the 
Northern hemisphere, which is characterized by 
a sudden disappearance of honey bees from the 
hive (/). Multiple causes of CCD have been pro- 
posed, such as pesticides, pathogens, parasites, 
and natural habitat degradation (2-4). However, 
the relative contribution of those stressors in 
CCD events remains unknown. Some scientists 
and beekeepers suspect pesticides to hold a cen- 
tral place in colony-weakening processes (/) or 
at least in interaction with other stressors (5, 6). 
In modern cereal farming systems, honey bees 
are readily exposed to pesticides because they 
rely heavily on common blooming crops, such 
as oilseed rape (Brassica napus), maize (Zea 
mays), or sunflower (Helianthus annuus), that 
are now routinely treated against insect pests 
(3). Systemic pesticides in particular diffuse 
throughout all the tissues as plants grow up, 
eventually contaminating nectar and pollen (7). 
Foraging honey bees are therefore directly ex- 
posed, but so is the rest of the colony as returning 
foragers store or exchange contaminated material 
with hive conspecifics (7, 8). Those exposure 
pathways are of important concern, and pesti- 
cide manufacturers pay special attention to reduce 
nonintentional intoxications in field conditions. 
Pesticide authorization procedures now require 
running mortality surveys to ensure that doses 
encountered in the field remain below lethal 
levels for honey bees. 

However, a growing body of evidence shows 
that sublethal doses—doses that do not entail 
direct mortality—still have the potential to in- 
duce a variety of behavioral difficulties in for- 
aging honey bees, such as memory and learning 
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dysfunctions and alteration of navigational skills 
(9). Neonicotinoid pesticides used to protect 
crops against aphids and other sap-sucking in- 
sects are especially liable to provoke such behav- 
ioral troubles. They are highly potent and selective 
agonists of nicotinic acetylcholine receptors, which 
are important excitatory neurotransmitter recep- 
tors in insects (/0, //). Effects of sublethal neo- 
nicotinoid exposures in honey bees may include 
abnormal foraging activity (2-14), reduced ol- 
factory memory and learning performance (/5—/7), 
and possibly impaired orientation skills (78). Yet, 
the consequences of such behavioral difficulties 
on the fate of free-ranging foragers and on colony 
dynamics are extremely difficult to assess in the 
field and remain poorly investigated. 

In this study, we tested the hypothesis that 
a sublethal exposure to a neonicotinoid indi- 
rectly increases hive death rate through homing 
failure in foraging honey bees. We focused our 
attention on thiamethoxam, a recently marketed 
neonicotinoid substance (/9) currently being au- 
thorized in an increasing number of countries 
worldwide for the protection of oilseed rape, 
maize, and other blooming crops foraged by 
honey bees. We proceeded in two steps. First, 
we assessed mortality induced by homing fail- 
ure (77¢) In exposed foragers. This was achieved 
by monitoring free-ranging honey bees with 
radio-frequency identification (RFID) tagging 
technology (/4, 20). Second, we assessed the 
extent to which ms, in combination with natural 


forager mortality, may upset colony dynamics. 
For that purpose, 7, was introduced into a model 
of honey bee population dynamics (2/). 

We used a custom-made RFID device (20) 
to monitor the fate of 653 individual free-ranging 
foragers in the course of four separate treatment- 
versus-control homing experiments (22). The 
study was conducted in an intensive cereal farm- 
ing system of western France, as a part of the 
ECOBEE monitoring facility (Zone Atelier Plaine 
et Val de Sévre, Centre d’Etudes Biologiques 
de Chizé) and in a suburban area in Avignon, 
southern France. To simulate daily intoxication 
events, foragers received a field-realistic, suble- 
thal dose of thiamethoxam (a real dose of 1.34 ng 
in a 20-ul sucrose solution) and were released 
away from their colony with a microchip glued 
on their thorax (Fig. 1A). RFID readers placed at 
the hive entrance (Fig. 1B) were set to detect on a 
continual basis tagged honey bees going through 
the entrance. Mortality due to postexposure homing 
failure, my,~, was then derived from the propor- 
tion of nonreturning foragers. To further discrim- 
inate my, from other causes of homing failure in 
treated foragers—such as natural mortality, pre- 
dation, or handling stress—we simultaneously re- 
leased equal numbers of control foragers fed with 
an untreated sucrose solution. Hence, mp¢ was cal- 
culated as the proportion of nonretuning treated 
foragers relative to expectations given by the pro- 
portion of returning control foragers. Depending 
on the experiment, tagged honey bees were re- 
leased up to 1 km away from their respective col- 
ony, a distance usually covered by foragers during 
normal foraging flights (23). Experiments were 
conducted on individuals from three different 
colonies (22). 

Our strategy was not to get an estimate of 
My per se. Instead, we assessed its upper and 
lower bounds, depending on whether foragers 
were familiar or not with the foraging site in 
which they might get intoxicated. Indeed, one 
might expect that foragers familiar with the 
pathway back to the colony are less prone to 
homing failure than are unfamiliar foragers. 
Under field conditions, many foragers are prob- 
ably familiar with the pathway back to the col- 
ony because they repeatedly forage on the same 


Fig. 1. Honey bee RFID monitoring equipment. (A) A pollen-forager honey bee fitted with a 3-mg 
RFID tag. (B) A hive entrance equipped with RFID readers for detecting returning marked foragers. 
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site (24). However, many others are unfamiliar, 
too. Those include young honey bees at the onset 
of foraging, scouting honey bees that look for 
new food sources, and foragers newly recruited 
by scouting bees on the basis of the dance in- 
formation (25). Most importantly, systemic pes- 
ticides such as thiamethoxam are readily present 
in the nectar and pollen when flowering starts 
and receive the first visits of honey bees, hitherto 
unfamiliar with this newly available food source. 

To account for individuals’ past foraging 
experience, we conducted two distinct homing 
experiments. Experiment | simulated intoxica- 
tion at a familiar foraging site, and experiment 2 
at a random site regarding past foraging expe- 
rience. These experiments were assumed to 
return the lower and upper bounds of mys, re- 


spectively. In experiment 1, we referred to as 
“familiar” foragers those foragers for which 
we could make sure they covered at least once 
the pathway from the release site back to the 
colony. For that purpose, we selectively cap- 
tured foragers returning to the colony with pol- 
len loads from a known location and subsequently 
released them at that location. To ascertain pol- 
len origin, we sowed beforehand a 1-ha field with 
scorpion weed Phacelia tanacetifolia, a highly 
attractive floral resource with bright blue pollen 
that is easily recognizable (26). Given that no 
other phacelia fields occurred in the area, we 
could ensure that phacelia-carrying honey bees 
came back from our experimental field. The col- 
ony was specifically placed 1 km away from the 
field for subsequent forager release (Fig. 2). In 
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Fig. 2. Study area and location of honey bee release sites relative to the colony hive in 


experiments 1 and 2. 
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Fig. 3. Cumulative homing probability of foragers released 1 km away from the hive. Temporal gaps denote 
the nighttime between the first and second days of release. (A) Homing experiment 1 was carried out with 
foragers familiar with the release site, and (B) experiment 2 with foragers released at random sites regarding 
their past experience. In both cases, treated honey bees that received a nonlethal dose of thiamethoxam 
returned to the hive in significantly lower proportions than did control honey bees (table $1). 
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experiment 2, we used the non-phacelia pollen 
foragers. They were released in equal groups at 
six sites equally spaced on a 1-km circle around 
the colony (Fig. 2). Following that design, re- 
lease sites were considered as random locations 
regarding the past experience of foragers. 
Both experiments 1 and 2 evidenced sub- 
stantial mortality due to postexposure homing 
failure, m,, with the proportion of treated for- 
agers returning to the colony being significantly 
lower than that of control foragers (exact bino- 
mial tests, P = 0.033 and P < 0.001, respectively) 
(Fig. 3 and table S1). Additionally, mp¢ was 
greater in treated foragers that tended to be 
unfamiliar with the foraging site, as indicated 
by their significantly lower homing propor- 
tions as compared with familiar foragers (exact 
binomial tests, P < 0.001). Experiments 1 and 2 
returned my,p estimates of 0.102 and 0.316, re- 
spectively, potentially setting the lower and upper 
bounds for real m,¢ values. In other words, 10.2 
to 31.6% of exposed honey bees would fail to 
return to their colony when foraging in treated 
crops on a daily basis. For the sake of compari- 
son, foragers live ~6.5 days and therefore die 
at an average rate of 1/6.5 = 0.154 individual 
day | (27). Therefore, the probability that a for- 
ager would die because of homing failure dur- 
ing a day spent foraging on treated crops (up to 
0.316) may attain twice the probability this same 
forager has to die naturally that day (~0.154). 
Such an additional mortality might represent 
a heavy burden to bear for colonies exposed to 
treated crops in their environment. When im- 
plementing my¢- into a honey bee population 
dynamics model (2/), all the tested scenarios 
predicted a major deviation from the expected 
dynamic (Fig. 4). In our simulations, we con- 
sidered the evolution of a typical colony dur- 
ing the first 3 months of a beekeeping season, 
encompassing the oilseed rape blooming period, 
which was April to May in our study area (22). 
At this time of the year, colonies emerge from 
the wintering period. Population size is rather low 
(<20,000 individuals) and gradually expands in 
order to rapidly increase food storage and ensure 
colony sustainability. The daily egg-laying rate 
of the queen is a critical parameter in this colony 
dynamic because it determines the daily egg- 
hatching rate and in turn the rate at which honey 
bees working in the hive will be replaced as 
they become themselves foragers. We simulated 
three scenarios with realistic levels of egg-laying 
rate (28), namely a rate allowing for a normal 
colony development (Fig. 4A), a rate ensuring 
equilibrium population (Fig. 4B), and a slightly 
deficient rate forcing the population to stabilize 
at a lower size (Fig. 4C). In each case, we also 
computed the expected trends if most foragers 
(90%) were exposed to nectar of treated oilseed 
rape each day and therefore had a natural mor- 
tality increased by a homing failure probability 
mys. Regardless of the queens’ egg-laying rate, 
populations from colonies exposed to the treated 
nectar would follow a marked decline during the 
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Fig. 4. Comparison of honey bee population dynamics between simulated colonies exposed to 
thiamethoxam (red lines) or not exposed (blue lines), following six demographic scenarios. L is the queen's 
daily laying rate (eggs per day). “Exp” is the proportion of foragers exposed to treated crops during the day. 
The nonexposed colony follows either (A and D) a normal development trajectory (at L = 2000), (B and E) an 
equilibrium dynamic (L = 1800), or (C and F) a slightly declining trajectory (L = 1600). Shaded areas 
delineate the exposure period (for example, oilseed rape). Pairs of trajectories in exposed colonies were 
obtained with the lower and upper bounds of homing failure mortality (0.102 and 0.316) in order to 
delineate the best and worst estimates for population dynamics, respectively. Dotted lines extend the 
declining trajectory expected for a sustained exposure. [Simulations derive from demographic models in (21)] 


blooming period and would hardly recover afiter- 
ward (Fig. 4, A to C). When combined with 
natural forager mortality, mp, raised total forager 
death rate up to a point that could hardly be 
compensated for by the rate at which new for- 
agers are recruited. In the worse scenarios, pop- 
ulations would fall down to 5000 individuals, 
which is the lowest level one can usually ob- 
serve in current beekeeping practices. With an 
exposure rate reduced to 50% of foragers ex- 
posed to treated nectar each day (Fig. 4, D to F), 
the model still predicts a major deviation from 
normal conditions. 

In an attempt to verify the applicability of 
these results to other contexts, we repeated two 
additional experiments with two different colo- 
nies (fig. S2 and table S1). In experiment 3, 
we tested whether my, was still significant when 
exposure occurred in the least challenging sit- 
uation: in the direct vicinity of the colony and 
with honey bees familiar with the foraging site. 
We repeated experiment | with phacelia foragers 
captured from a beehive placed at the phacelia 
field margin and released from inside the phacelia 


field, only 70 m away. Homing failure (mp¢ = 
0.061) (fig. S2A and table S1) was much reduced 
as compared with that of experiment | (7¢ = 
0.102) but was still significant (exact binomial 
test, P = 0.003). In experiment 4, we transposed 
experiment 2 into a different landscape. A bee- 
hive was placed in a suburban area in southern 
France, including a mosaic of mixed farming 
fields and orchards of moderate size. Foragers 
were released 1 km away at six equidistant sites. 
Homing failure (m¢ = 0.098) (fig. S2B and 
table S1) was significant as well (exact binomial 
test, P = 0.029) but much smaller than in exper- 
iment 2 (mpyp = 0.316). 

Our study clearly demonstrates that expo- 
sure of foragers to nonlethal but commonly 
encountered doses of thiamethoxam can affect 
forager survival, with potential contributions to 
collapse risk. Furthermore, the extent to which 
exposures affect forager survival appears de- 
pendent on the landscape context and the prior 
knowledge of foragers about this landscape. 
Higher risks are observed when the homing task 
is more challenging. As a consequence, impact 


studies are likely to severely underestimate sub- 
lethal pesticide effects when they are conducted 
on honey bee colonies placed in the immediate 
proximity of treated crops. This study raises im- 
portant issues concerning exposed solitary bee 
species, whose population dynamics are prob- 
ably less resilient to forager disappearance than 
are honey bee colonies. 
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Neonicotinoid Pesticide Reduces 
Bumble Bee Colony Growth and 


Queen Production 


Penelope R. Whitehorn,’ Stephanie O'Connor,” Felix L. Wackers,* Dave Goulson** 


Growing evidence for declines in bee populations has caused great concern because of the 
valuable ecosystem services they provide. Neonicotinoid insecticides have been implicated in 
these declines because they occur at trace levels in the nectar and pollen of crop plants. 

We exposed colonies of the bumble bee Bombus terrestris in the laboratory to field-realistic 
levels of the neonicotinoid imidacloprid, then allowed them to develop naturally under 

field conditions. Treated colonies had a significantly reduced growth rate and suffered an 
85% reduction in production of new queens compared with control colonies. Given the scale 
of use of neonicotinoids, we suggest that they may be having a considerable negative impact on 
wild bumble bee populations across the developed world. 


ees in agroecosystems survive by feed- 
B* on wildflowers growing in field 

margins and patches of seminatural hab- 
itat, supplemented by the brief gluts of flowers 
provided by mass flowering crops such as oil- 
seed rape and sunflower (/, 2). Many crops are 
now routinely treated with neonicotinoid in- 
secticides as a seed dressing; these compounds 
are systemic, migrating in the sap to all parts 
of the plant and providing protection against 
insect herbivores. The most widely used of 
these compounds is imidacloprid, which is rou- 
tinely used on most major crops, including ce- 
reals, oilseed rape, corn, cotton, sunflower, and 
sugar beets (3). Being systemic, imidacloprid 
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Fig. 1. Mean observed colony weight for control 
(short-dash line), low (solid line), and high (long- 
dash line) treatments at weekly intervals. The change 
in weight over time was significantly smaller (P < 
0.001) in low- and high-treatment colonies com- 
pared with control colonies. The number of col- 
onies per treatment was 25 in weeks 0 to 3. In the 
following weeks, the numbers of colonies in the 
control, low, and high treatments, respectively, 
were as follows: week 4 (25, 24, and 25), week 5 
(25, 24, and 25), week 6 (23, 23, and 25), week 7 
(22, 23, and 25), and week 8 (20, 18, and 21). 
Points represent cumulative weight increase since 
week 0 (and their standard errors); weight includes 
all accumulated biological material (wax, brood, 
food stores, and adult bees). 
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spreads to the nectar and pollen of flower- 
ing crops, typically at concentrations rang- 
ing from 0.7 to 10 ug kg '(4, 5). Thus bee 
colonies in agroecosystems will be exposed 
to 2- to 4-week pulses of exposure to neo- 
nicotinoids during the flowering period of 
crops (6). 

It is unclear what impact this exposure 
has on bee colonies under field conditions. A 
recent meta-analysis based on 13 studies of 
honey bees found that consumption of real- 
istic doses of imidacloprid under laboratory 
and semifield conditions reduced their expected 
performance by 6 to 20% (7) but had no lethal 
effects. Fewer studies have been carried out 
on bumble bees, and results are conflicting 
(8-11). There is some evidence that low doses 
of neonicotinoids may reduce foraging ability 
(12), which is likely to have substantial im- 
pacts under natural conditions but little effect 
in cage studies. Although recent studies (//) 
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have shown some evidence that neonicotinoids 
reduced forager success under field conditions, 
no studies have examined their impacts on 
colonies foraging naturally in the field. Here, 
we present an experiment, using 75 Bombus 
terrestris colonies, designed to simulate the 
likely effect of exposure of a wild bumble bee 
colony to neonicotinoids present on the flow- 
ers of a nearby crop. The colonies were random- 
ly allocated to one of three treatments. Control 
colonies received ad libitum (ad lib) pollen 
and sugar water over a period of 14 days in 
the laboratory. Over the same period, colonies 
in the “low” treatment were fed pollen and sugar 
water containing 6 ug kg! and 0.7 ug kg! 
imidacloprid, respectively, representing the lev- 
els found in seed-treated rape (13). The “high”- 
treatment colonies received double these doses, 
still close to the field-realistic range. After 2 
weeks, all colonies were then placed in the field, 
where they were left to forage independently for 
a period of 6 weeks while their performance was 
monitored. 

All colonies experienced initial weight gain 
followed by a decline as they switched from 
their growth phase to producing new repro- 
ductives. Colonies in both low and high treat- 
ments gained less weight over the course of 
the experiment compared with the control col- 
onies (Fig. 1) [linear mixed-effect model; ¢ 
(568) = —4.03 (where the number in parenthe- 
ses indicates the degrees of freedom), P < 
0.001 and ¢ (568) = —5.39, P < 0.001, respec- 
tively]. By the end of the experiment, the low- 
and high-treatment colonies were on average 
8 and 12% smaller, respectively, than the con- 
trol colonies. The weight change in the high- 
treatment colonies was not significantly different 
from that of the low-treatment colonies (Fig. 1) 
[linear mixed-effect model; ¢ (568) = —1.44, 
P=0.151]. The rate of colony growth was also 
dependent on the number of workers present 
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Table 1. Linear mixed-effect model for colony weight. Parameter estimates are with reference to the 
control treatment. Degrees of freedom are given in parentheses. 


Fixed effect Parameter estimate SE t value P 
(Intercept) 564.21 39.59 14.24 (568) <0.001 
Treatment (high) 13.62 27.80 0.490 (71) 0.626 
Treatment (low) 13.62 27.11 0.502 (71) 0.617 
Week 89.21 5.50 16.22 (568) <0.001 
Week? —6.68 0.430 —15.51 (568) <0.001 
No. workers at week = 0 0.759 1.92 0.396 (71) 0.694 
Treatment (high)*Week —13.42 2.49 —5.39 (568) <0.001 
Treatment (low)*Week —9.95 2.47 —4.03 (568) <0.001 
Week*No. workers at week = 0 0.448 0.172 2.61 (568) 0.009 
Fig. 2. The number of 25 OK 
new queens produced by 
the control colonies was % ,,, a 
greater than the number §$ 
produced in both low-and 8 
high-treatment colonies. B15 
Bars represent the mean e 
number of queens and 2 
their standard errors. As- ae 19 
terisks indicate significant c 
differences. 8 5 
1 
I + 
0 
Control Low High 
Treatment 


at week 0 (Table 1) [linear mixed-effect mod- 
el; t (568) = 2.61, P = 0.009], reflecting the 
importance of a large workforce for optimal 
development. No significant differences between 
treatments were found in the numbers of males, 
workers, pupae, or empty pupal cells at the end 
of the experiment, although the number of emp- 
ty pupal cells was 19% and 33% lower, respec- 
tively, in low and high treatments compared 
with controls. 

The mean number of queens produced by 
colonies in the control treatment was 13.72 
(SE = 5.70), whereas in low and high treat- 
ments it was only 2.00 (1.13) and 1.4 (0.53), 
respectively [Kruskall-Wallis test: H (2) = 9.57, 
P= 0.008] (Fig. 2). The drop in queen produc- 
tion is disproportionately large compared with 
the impact of imidacloprid on colony growth. 
However, there is evidence that only the very 
largest bumble bee colonies succeed in produc- 
ing queens (/4). For example, in field studies 
of reproduction of 36 colonies of the closely 
related Bombus lucorum, all queen production 
came from the largest six nests (/4). Thus even 
a small drop in colony size may bring it below 
the threshold for queen production. Bumble bees 
have an annual life cycle, and it is only new 
queens that survive the winter to found colonies 
in the spring. Our results suggest that trace lev- 
els of neonicotinoid pesticides can have strong 


negative consequences for queen production by 
bumble bee colonies under realistic field condi- 
tions and that this is likely to have a substantial 
population-level impact. 

Our colonies received ad lib treated food, 
which could result in them gathering more 
food and thus receiving higher exposure than 
they would in the wild. However, bumble bee 
colonies do not store substantial food reserves 
in the way that honey bees do, and the period 
of exposure (2 weeks) is substantially less than 
the flowering period of crops such as oilseed 
rape (3 to 4 weeks), so our experiment is con- 
servative in this respect. 

We did not study the mechanism underlying 
the observed effects, but previous lab studies 
suggested that workers treated with neo- 
nicotinoids have reduced foraging efficiency 
(12, 15). Such effects are likely to be stronger 
when foragers have to navigate through a nat- 
ural landscape and could readily explain re- 
duced colony growth and queen production. 
Flowering crops such as oilseed rape attract 
numerous honey bees and a range of species 
of bumble bee (/6). Bumble bee and honey 
bee workers travel a kilometer or more to col- 
lect food (/7, 78), and, in a recent study of a 
10-km-by-20-km rectangle of lowland England, 
100% of the land area in a 2007 snapshot was 
within 1 km of an oilseed rape crop, with rape 


providing the large majority of all floral re- 
sources in the landscape when flowering (/9). 
Recent studies described levels of neonicotinoid 
up to 88 yg kg"! in pollen collected by honey 
bees foraging on treated corn (14 times our 
field-realistic dose) and also demonstrated the 
presence of up to 9 ug kg” in wildflowers grow- 
ing near treated crops, so exposure is not limited 
to bees feeding on the crop (20). Hence, we pre- 
dict that impacts of imidacloprid on reproduc- 
tion of wild bumble bee colonies are likely to 
be widespread and important, particularly be- 
cause this chemical is registered for use on over 
140 crops in over 120 countries (3). Because 
bumble bees are valuable pollinators of crops 
and wildflowers and vital components of eco- 
systems, we suggest that there is an urgent need 
to develop alternatives to the widespread use 
of neonicotinoid pesticides on flowering crops 
wherever possible. 
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In mountainous regions, climate warming is expected to shift species’ ranges to higher altitudes. 
Evidence for such shifts is still mostly from revisitations of historical sites. We present recent 
(2001 to 2008) changes in vascular plant species richness observed in a standardized monitoring 
network across Europe’s major mountain ranges. Species have moved upslope on average. 
However, these shifts had opposite effects on the summit floras’ species richness in boreal-temperate 
mountain regions (+3.9 species on average) and Mediterranean mountain regions (—1.4 species), 
probably because recent climatic trends have decreased the availability of water in the European 
south. Because Mediterranean mountains are particularly rich in endemic species, a continuation 
of these trends might shrink the European mountain flora, despite an average increase in 


summit species richness across the region. 


iodiversity scenarios for the 21st centu- 
B ry consistently forecast the reduction of 

alpine habitat and, ultimately, the regional 
loss of many European high-mountain plants 
(/, 2). This process is supposedly driven by a 
general upward shift of plant species under a 
warming climate (3), resulting in a concurrent 
increase of species numbers at higher altitudes 
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and local extinctions of those plants that already 
live near the upper margins of elevation gradients 
(4, 5). However, empirical evidence on recent 
plant diversity trends in mountain systems is still 
scarce and is mostly based on resurveys of his- 
torical sites (6—9) [but see (/0, /1)]. 

A worldwide observation network (/2, /3) 
was initiated in the year 2000 as a standardized 
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system to monitor changes in high-mountain bio- 
diversity. As part of this network, vascular plant 
species occurrence was recorded first in 2001 
on 66 mountain summits distributed across 17 
study regions, which span all major mountain 
systems of Europe (Fig. 1). These summits were 
resurveyed in 2008. Here we compare the data 
from all summits from both years of observa- 
tions to show changes in vascular plant species 
numbers. 

Summits were grouped in a set of four with- 
in each region, spanning an altitudinal range from 
the treeline to the alpine/nival ecotone (/3, /4), 
or to the uppermost peaks on lower mountain 
ranges. The sampling areas covered the summits 
from their tops down to the 10-m contour line 
and were divided into eight sections (fig. S1) 
(73). For each section, a complete list of vas- 
cular plants was collected in 2001 and again in 
2008. To avoid drawing conclusions from spu- 
rious species turnover caused by observation er- 
rors, we filtered the data to remove singleton 
records and potentially misidentified species from 
the list before analysis (/2). Differences in num- 
ber of species (i.e., the pooled species richness 
per summit and per region, respectively, between 
the two sampling dates) were then compared by 
means of linear mixed-effects models (/2). 

Between 2001 and 2008, vascular plant species 
numbers have increased on 45 mountain sum- 
mits, decreased on 10 summits, and remained un- 
changed on 11 summits (Fig. 2A and table S1). 
Across all 66 summits, the average numbers of 


perate, red circles indicate Mediterranean regions. Bars show the number of species found in 2001 (left 
bar) and 2008 (right bar); the proportion of endemic species is shown in red. Species number (endemic 
number) per region in 2001/in 2008: LAT (N-Scandes/Sweden, 109(0)/118(0); PUR (Polar Urals/Russia), 
58(0)/60(0); DOV (S-Scandes/Norway), 49(1)/50(1); CAI (Cairngorms/UK), 10(0)/14(0); SUR (S-Urals/ 
Russia), 62(9)/62(7); CTA (High Tatra/Slovakia), 53(5)/60(5); HSW (NE-Alps/Austria), 130(27)/134(27); 
CRO (E-Carpathians/Romania), 33(2)/40(5); ADO (S-Alps/Italy), 158(14)/170(17); VAL (W-Alps/Switzer- 
land), 96(12)/105(12); NAP (N-Apennines/Italy), 123(7)/126(7); CPY (Central Pyrenees/Spain), 87(12)/ 
101(12); CAK (Central Caucasus/Georgia), 113(35)/140(41); CRI (Corsica/France), 20(7)/19(7); CAM 
(Central Apennines/Italy), 57(13)/57(13); SNE (Sierra Nevada/Spain), 65(39)/60(35); LEO (Lefka Ori- 
Crete/Greece), 58(22)/54(19). Blue shaded areas indicate the respective maximum distribution of species 
defined as endemic (12); most endemics have a far more narrow distribution area. 
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species per summit increased from 34.9 to 37.7; 
that is, by ~8%, a change that was significantly 
different from the null hypothesis of constant species 
richness (t = 2.9, df = 49, P = 0.006). Changes 
were, however, strikingly divergent among biomes: 
Most summits in boreal and temperate regions 
have gained additional species (43 out of 52; av- 
erage increase from 38.0 to 41.9, t= 4.0, df= 39, 
P= 0.0004), and only two have lost one species 
each. In contrast, from the 14 summits in Mediter- 
ranean regions, the majority (8) had lower species 
counts in 2008 than in 2001, and only 2 have 
gained additional species (average decrease from 
23.6 to 22.2, t=—2.9, df= 10, P= 0.018; Fig. 2A). 

At the regional scale, observed changes were 
congruent with summit-level trends: Species rich- 
ness increased in 12, decreased in 3, and re- 
mained constant in 2 regions (Figs. 1 and 2A). 
On average, species numbers per region were 
rising from 75.4 to 80.6 (¢ = 2.8, df = 16, P= 
0.013). All 12 regions with higher species rich- 
ness in the second survey were located in the 
boreal or temperate zone (mean increase in spe- 
cies numbers from 83.2 to 90.8, t= 3.82, df= 12, 
P = 0.001), whereas species counts were de- 
creasing in three out of four Mediterranean 
regions, although this was not statistically signif- 
icant because of the low sample size (average 
decrease from 50.0 to 47.5 species, t=—2.1, df= 3, 
P=0.12; Fig. 2A). 

To evaluate whether these changes in sum- 
mit species richness might be related to a pos- 
sible upward or downward move of species 
ranges, we calculated an altitudinal index for 
each species within each region in both 2001 
and 2008. To compute this index, we first de- 
fined the relative altitude of each summit as the 
altitude above the lowest summit within the re- 
gion it belongs to. Next, we weighted these rel- 
ative altitudes by the species’ frequencies on the 
respective summits in either 2001 or 2008. Fi- 
nally, we calculated the species’ altitudinal index 
for a particular region and monitoring campaign 
as the weighted average altitude of its dis- 
tribution observed in the respective region and 
year (/2). For all species recorded in both years, 
we then compared these altitudinal indices be- 
tween 2001 and 2008 using linear mixed-effects 
models. The results suggest that species were 
indeed shifting their distributions to higher alti- 
tudes, by 2.7 m on average (Table 1). This is in 
line with a recent related study that found evidence 
that the more—warm-adapted species increase 
and the cold-adapted ones decline in European 
alpine summit vegetation (/5). A general upward 
shift, as indicated in our study, is consistent across 
the continent’s biomes (Table 1). An overall up- 
ward move of species hence seems to be com- 
patible with both an average increase and a 
decrease of summit plant richness. 

Parallel relationships between the magnitude 
of the observed changes and the relative altitude 
of the summits within one region (that is, its 
altitudinal difference from the region’s lowest 
summit site) offer a clue for interpreting this 
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unexpected finding: Both gains (in the boreal- 
temperate regions) and losses (in the Mediterra- 
nean regions) were more pronounced on the 
lower summits (Fig. 2B). This suggests that up- 
ward shifts of plants are mostly driven by leading- 
edge expansions on boreal-to-temperate mountains, 
with the higher number of new arrivals on the 
lower peaks probably resulting from larger nearby 
pools of potential invaders. In contrast, rear-edge 
retractions seem to make an important contribution 
to altitudinal species shifts in the Mediterranean. 

We hypothesize that the range expansion in 
the boreal-to-temperate mountains is a result of 
warmer conditions, such as previously observed 
(7, 9, 16), whereas range retractions in the 
Mediterranean mountain ranges result from a 
combination of rising summer temperatures and 
stable-to-decreasing precipitation sums, such as 
was recently documented for southern Europe 
for the past decades (17-19). As a corollary, a 
possible attenuation of low-temperature con- 
straints on Europe’s Mediterranean mountains is 


A 


probably foiled by rising water stress, and par- 
ticularly so at the lowest summits, because aridity 
generally decreases with altitude in the Mediter- 
ranean basin (20). In line with this interpretation, 
Crimmins et al. (21) have recently suggested 
rapid responses of Californian Mediterranean- 
type mountain plants to changing climatic wa- 
ter balance, although in the opposite direction; 
i.e., a downward shift of species’ optimum ele- 
vations through increasing water availability. Yet 
McCain and Colwell (22) suggested in a global 
study, albeit on vertebrates, that population extir- 
pation risks in mountain areas due to climate 
warming would increase 10-fold, on average, when 
decreases in precipitation were also considered. 

Species losses on Mediterranean summits 
are worrying because southern European moun- 
tain floras have high proportions of endemic 
plants (12, 23) (Fig. 1). Indeed, there were 31% 
endemics among the species not redetected on 
those summits where they were recorded in 
2001 (17 out of 55 species), but only 13% 
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Fig. 2. Changes in vascular plant species numbers on 66 European summits between the years 2001 and 
2008. (A) Summits within 13 boreal-temperate (blue) and 4 Mediterranean (red) mountain regions are 
arranged from north to south, and from high to low altitude within regions. Triangles represent the 
increase (solid symbols) or decrease (open symbols) of observed species numbers per summit; horizontal 
lines represent the changes in species numbers per region. Summits where species numbers did not 
change are symbolized by open circles. Region-scale changes were calculated after pooling species lists of 
all the summits surveyed within the respective region; that is, each species was counted only once per 
region and observation year. For full region names, see Fig. 1. (B) Summits are arranged along the x axis 
according to their relative altitudes within regions, with a value of zero for the lowest summit in the 
respective region. Lines are drawn based on the fixed-effect coefficients of linear mixed-effects models, 
regressing the change in species number per summit on this summit's relative altitude. The slope 
coefficients are significantly different from zero in both cases (boreal-temperate summits: —0.006, t = —3.3, 
df = 38, P = 0.002; Mediterranean summits: 0.005, t = 2.5, df = 9, P = 0.034). 


Table 1. Change in the species’ altitudinal distribution between 2001 and 2008. Coefficients measure 
the average shift of the species’ altitudinal index between 2001 and 2008 (in meters). SE, df, t, and P 
are the standard errors of the coefficients, the degrees of freedom, the tf values of the coefficient given 
the specified degrees of freedom, and the associated two-sided P values. 


Coefficient SE df t P 
(m) 
All summits 2.7 1.10 1246 2.5 0.012 
Boreal and temperate and boreal 2.7 1.23 1060 2.2 0.028 
Mediterranean 2.5 11 185 2.3 0.024 
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among the species first detected on a particular 
summit in 2008 (32 out of 239; test on pro- 
portional equality: X° = 8.7, df = 1, P = 0.003). 
This does not imply that mountain endemics are 
intrinsically more threatened by a warming cli- 
mate, but follows from simultaneous species 
loss in areas rich in endemics (the Mediterra- 
nean) and species gains in areas where endemics 
are rarer (boreal and temperate mountains). In 
total, the number of species recorded across all 
66 summits increased from 821 to 869 species 
(by ~6%), whereas the number of endemics in- 
creased at a much lower rate, from 201 to 203 
species (by ~1%). Overall, the proportion of en- 
demics within our sample of Europe’s summit 
flora decreased from 24.5 to 23.4%. Although 
this decrease is not significant yet (test on pro- 
portional equality: X° = 0.24, df = 1, P = 0.63), 
it would become so after 25 years if average 
annual rates of species gains remain constant 
for both endemic plants (~0.25 species/year) 
and nonendemic plants (~5.75 species/year). 
In the long run, such a decrease in the share of 
endemics will tend to homogenize the species 
composition of mountaintop communities across 
regions. 

Our observations match the general expec- 
tation of a climate warming—driven upward shift 
of species distributions (2, 3, 14, 15, 24). How- 
ever, they show that these upward shifts do not 
necessarily result in higher species richness 
on mountaintops. If rising aridity is actually 
the driver of observed species loss on many 
Mediterranean summits, this trend is likely to 
continue during the coming decades, because 
climate models predict increasing temperatures, 
decreasing annual precipitation, and an exten- 
sion of the dry summer season in southern Europe 
(25-27). Owing to the high degree of endemism 


in these regions, the species pool of the con- 
tinent’s mountain flora might shrink even if local 
diversity on the majority of boreal and temper- 
ate mountaintops increases. 
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A Yeast Prion, Mod5, Promotes 
Acquired Drug Resistance and Cell 
Survival Under Environmental Stress 


Genjiro Suzuki, Naoyuki Shimazu, Motomasa Tanaka* 


Prion conversion from a soluble protein to an aggregated state may be involved in the 
cellular adaptation of yeast to the environment. However, it remains unclear whether and how 
cells actively use prion conversion to acquire a fitness advantage in response to environmental 
stress. We identified Mod5, a yeast transfer RNA isopentenyltransferase lacking glutamine/ 
asparagine-rich domains, as a yeast prion protein and found that its prion conversion in yeast 
regulated the sterol biosynthetic pathway for acquired cellular resistance against antifungal 
agents. Furthermore, selective pressure by antifungal drugs on yeast facilitated the de novo 
appearance of Mod5 prion states for cell survival. Thus, phenotypic changes caused by active 
prion conversion under environmental selection may contribute to cellular adaptation in 


living organisms. 


rion phenomena have been observed in 
yeast and filamentous fungi (/, 2), and 
fungal prion proteins share common char- 


acteristics with mammalian prion protein. Prion 
inheritance is caused by the propagation of self- 
perpetuating and infectious prion particles com- 


posed of B sheet-rich fibrillar aggregates called 
amyloid (3—5). All of the yeast prion proteins 
identified thus far contain aggregation-prone 
Gln/Asn-rich domains that are critical for the 
formation of self-propagating amyloid. A num- 
ber of Gln/Asn-rich proteins in yeast have the 
potential to behave as prions (6), implying that 
yeast might use prion conversion to regulate 
some cellular functions in vivo. Prion states ac- 
quire previously unrecognized genetic traits (7, 8) 
and affect cellular functions such as transcrip- 
tional regulation (3, 9), though they may repre- 
sent disease states (4). Induction of the prion state 
[PST] resulting from aggregation of Sup35 may 
be linked to a survival advantage under the se- 
lective pressure of environmental stressors (/0), 
suggesting that prion conversion might help an 
organism adapt to environmental stress (//). 
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However, our understanding of whether and 
how prion conversion responds to environmental 
stress for cell survival and if specific mechanisms 
exist that mediate such adaptive processes is 
limited. 

To address these questions, we attempted to 
identify yeast prions. We performed a genome- 
wide screen for PIN (inducible to [PS/*}) factors 
whose aggregation facilitates the de novo ap- 
pearance of [PST"] (12). Among the known PIN 
factors (/2), several proteins behave as yeast pri- 
ons (/3—/6). We used a [gq ] yeast strain, a non- 
prion form of yeast expressing a Q62-Sup35 
chimera in which a Gln/Asn-rich domain (resi- 
dues | to 40) in Sup35 was replaced with 62 glu- 
tamine repeats (Q62) (17), and searched for QIN 
(inducible to the [O*] prion state) factors (18). 
Because expanded polyglutamine readily forms 
amyloids, we reasoned that both Gln/Asn-rich 
and non—Gln/Asn-rich proteins might represent 
QIN factors. Among the QIN factors we iden- 
tified (fig. S1 and table S1), we focused on Mod5, 
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Fig. 1. Formation and structural analysis of 
Mod5 amyloid in vitro. (A) Transmission elec- 
tron microscopy images of typical Mod5 amy- 
loid. Scale bar, 100 nm. (B) Thioflavin T (ThT) 
fluorescence of Mod5, huntingtin-exon1 Q62 
(Q62), Mod5Acore (A199-207) amyloids, or 
soluble Mod5. (C) Binding of congo red to buf- 
fer alone, huntingtin-exon1 Q62 (Q62) am- 
yloid, Mod5 amyloid, or soluble Mod5. (D) 
Circular dichroism spectra of soluble Mod5 
(dark gray) and amyloid (light gray). (E) Mass 
spectrum of the Mod5 amyloid digested by 


Relative absorbance 


proteinase K. Peptide regions corresponding to mass peaks are shown 
(arrows). (Inset) A full spectrum and no obvious peak was observed at >3400 
mass/charge ratio (m/z). (F) Aggregation of Mod5 in the absence (black) 
or presence of Mod5 amyloid seeds [10% (light gray), 20% (dark gray) 
(moV/mol)] was monitored at 25°C. (G) Mod5 amyloid cross-seeds Sup35NM. 


a tRNA isopentenyltransferase that catalyzes 
the transfer of an isopentenyl group to A37 in the 
anticodon loop (/9), because Mod5 did not con- 
tain Gln/Asn-rich or repeat domains but acted as 
both a QIN and PIN factor (fig. $1). 

Prion aggregates demonstrate infectivity 
through their self-propagating amyloid forms 
(20, 21). We first investigated whether Mod5 
forms amyloid fibers in vitro. By multiple criteria, 
Mod5 aggregates formed amyloid-like fibrillar 
aggregates (Fig. 1, A to D, and fig. S2). Because 
Mod5 does not contain Gln/Asn-rich domains, 
we searched for a core aggregation region in 
Mod5 amyloids. Limited proteolysis of Mod5 
amyloids with proteinase K and following mass 
analysis allowed us to identify the core of Mod5 
amyloids (Fig. 1E), which was predicted to be 
aggregation-prone by the TANGO algorithm 
(fig. S3) (22). Soluble Mod5 was fully digested 
under the same conditions. Furthermore, deletion 
of the amyloid core region abolished the ability 
of ModS to act as a PIN factor (fig. S1C) and 
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greatly decreased the reactivity of ModS amy- 
loids to thioflavin T (Fig. 1B). The aggregates 
of Mod5 were self-propagating, as the addi- 
tion of preformed Mods fibers to soluble Mod5 
substantially accelerated the aggregation of sol- 
uble Mod5 (Fig. 1F). Furthermore, Mod5 amy- 
loid seeds facilitated polymerization of soluble 
Sup35NM in vitro (Fig. 1G), indicating cross- 
seeding between Mod5 and Sup35NM. This re- 
sult is consistent with the ability of Mod5 as a 
PIN factor (fig. S1) and sequestration of in- 
trinsically disordered proteins into cross—B sheets 
(23). Thus, Mod5 forms self-propagating amy- 
loids in vitro, despite the lack of Gln/Asn-rich 
domains. 

Next, we employed a range of assays based 
on color phenotypes using the [PS/*] system (/8) 
and found that ModS has the potential to undergo 
a heritable conformational switch to the prion 
state by forming aggregates (fig. S4). Thus, we 
investigated whether a prion state could be in- 
duced by the aggregation of endogenous Mod5. 


/ litter solution 


mol Congo Red bound 


Buffer _Q62 _Mod5 Mod5 


Q62__ Mod5 
aggregate soluble aggregate soluble 
E100 
x 
> 80 
2 1000 Mass (mz) 7000 ¢—{194-215] 
@ 60 
= 
g& 40 [194-205] [194-207] [194-213] [194-217] 
2 2 E 3 & 3 8 
0 baie waits A coll aale tle doa hale eae ane een NNN oS 
250 1000 2200 3400 
Mass (m/z) 
G 400 
% __300 
« 2 
52 
85 / 
® >200 f 
os 
= é 
wy H 
= 00 ? 
ae 
% 12 _ 24 36 se 0 5 10 15 
Time (hours) Time (hours) 


soluble Mod5. 


Amyloid formation of Sup35NM in the absence (black) or presence of 
Mod5 amyloid seeds [10% (light gray), 20% (dark gray) (mol/mol)] was 
monitored by ThT fluorescence at 37°C. Error bars denote SD. *P < 0.01, 
based on an independent f test (n = 3 experiments) in comparison with 
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Because a double knockout of Mod5 and Trm1, 
which encodes tRNA methyltransferase, shows 
sensitivity to 5-fluorouracil (5-FU) (24), we used 
Atrm] strains throughout this study unless 
otherwise indicated and introduced pure Mod5 
amyloids (fig. S5) into At7m/ strains by a protein 
infection protocol (25). We used a Atrm/ diploid 
strain with homozygous deletion of TRM/ to 
avoid the accidental isolation of recessive chro- 
mosomal mutants. We examined 480 infectants 
for their sensitivity to 5-FU, and 10 colonies 
showed such sensitivity. The sensitivity of 6 out 
of the 10 colonies was reversed by the transient 
treatment with 3 mM guanidine hydrochloride 
(GdnHCl) (Fig. 2A), an inhibitor of the Hsp104 
chaperone (26). Disruption of the HSP104 gene 
also reversed it (Fig. 2B). This phenotypic 
reversal by elimination of Hsp104 is a common 
characteristic of yeast prions (9); we hereafter 
refer to this state as [MOD"]. Overexpression of 
Hsp104 in [MOD"] yeast also partially restored 


+GdnHCl 


its sensitivity to S-FU (fig. S6). These results es- 
tablished that the [MOD"] prion state propagated 
in an Hsp104-dependent manner. In addition, 
the [MOD"] state was mitotically stable because 
[MOD*] yeast showed sensitivity to 5-FU after 
many passages. Next, we investigated whether 
endogenous Mod5 undergoes conformational 
changes in [MOD"] yeast. We prepared cell ly- 
sates and separated them into supernatant and 
pellet fractions by centrifugation (27). In contrast 
to soluble Mod5 in [mod] and [MOD" |Ahsp104 
yeast, Mod5 in [MOD*] yeast was observed in 
the pellet fraction (Fig. 2C). We examined the 
cellular localization of Mod5—green fluorescent 
protein (GFP) with or without mild overexpres- 
sion of Mod5-GFP (/8). In both cases, [mod] 
and [MOD" |Ahsp104 cells displayed diffusible 
Mod5-GFP throughout the cytoplasm, whereas 
[MOD" | cells exhibited multicytoplasmic Mod5- 
GFP aggregates that were not colocalized to ei- 
ther mitochondria or nucleus (Fig. 2D and fig. S7). 


+GdnHCl 


REPORTS [ 


Like other yeast prions, Mod5 aggregates from 
[MOD’ ] yeast were resistant to SDS (Fig. 2E) 
(28). Thus, Mod5S is in an altered, aggregated 
conformational state in [MOD"] yeast, compared 
with the soluble and diffusible Mod5 in [mod] 
yeast. The ectopic expression of Mod5 in Amod5 
but not [MOD* ] yeast restored the sensitivity to 
5-FU, probably because ectopically expressed 
Mod5 was sequestered into preexisting Mod5 
aggregates (Fig. 2F). [MOD"] cells expressing 
ectopic Trm1 could grow on 5-FU plates (Fig. 2F), 
indicating specific recruitment of ModS5 monomer 
into ModS aggregates. Thus, the [MOD"] state 
is caused by self-propagating Mod5 aggregates 
in vivo. 

We investigated dominant inheritance of 
[MOD"] yeast upon mating. To isolate [MOD"] 
haploids, we introduced lysates of [MOD"] dip- 
loids into [mod ] haploid cells by protein in- 
fection and assayed infectants for both their 
sensitivity to 5-FU and phenotypic reversion 
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(YPD) in the absence (left) or pres- aggregates 


ence (right) of 5-FU (15 pg/ml). 
(B) Elimination of Hsp104 re- 
stored the sensitivity of [MOD*] 
yeast to 5-FU. Cultures of [mod "], 
[MOD*], and [MOD*]Ahsp104 
diploids were spotted on YPD 
in the absence (left) or presence 
(right) of 5-FU (15 pg/ml). (C) Sedimentation analysis of [mod~], [MOD*], and 
[MOD*]Ahsp104 yeast. Lysates of the yeast strains were separated into su- 
pernatant (Sup) and pellet fractions, and endogenous Mod5-GFP was detected 
by immunoblotting with an antibody to GFP. (D) Localization of Mod5 in 
[mod], [MOD*], and [MOD*]Ahsp104 yeast cells. Fluorescence images of 
[mod"] (left), [MOD*] (center), and [MOD*]Ahsp104 (right) cells mildly over- 
expressing Mod5-GFP are shown. Fluorescent foci appeared in the cytoplasm 
of 55% of [MOD"] cells, 12% of [mod"] cells, and 9% of [MOD*]Ahsp104 
cells (n > 100 cells). Arrows and arrowheads show Mod5 aggregates and 
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nuclei, respectively. Similar results were obtained in the yeast strains without 
overexpression of Mod5-GFP [68% of [MOD*] cells, 12% of [mod~] cells 
and 10% of [MOD*]Ahsp104 cells (n > 100 cells)] (fig. $7). Scale bar, 5 jum. 
(E) Detection of SDS-resistant Mod5 aggregates by semi-denaturating de- 
tergent agarose gel electrophoresis in the lysates of [mod] and [MOD*] 
cells that overexpress Mod5-GFP. (F) Ectopic overexpression of Mod5 in 
[MOD*] yeast did not restore the sensitivity to 5-FU, whereas that of Trm1 
recovered it. Fivefold serial dilutions of yeast cells were spotted in the sen- 
sitivity assay. 
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by GdnHCl (Fig. 3A). Five colonies out of 360 
infectants were sensitive to 5-FU in a GdnHCl- 
reversible manner and were mitotically stable, 
indicating that they represent [MOD"] states, 
whereas such colonies were not isolated from 
the same number of cells infected by [mod ] 
yeast lysates (Fig. 3A and table S2). A [MOD"] 
haploid was crossed with a [mod ] haploid, 
and the resulting diploid showed sensitivity to 
5-FU (Fig. 3B), indicating that the [MOD"] 
state is dominantly inherited. Next, we disrupted 
the MODS gene in a [MOD" | haploid, crossed 
it with [mod] yeast and examined the sen- 
sitivity to 5-FU. The diploid recovered the abil- 
ity to grow on 5-FU plates, indicating that the 
transient loss of Mod5 in [MOD"] yeast elimi- 
nated the [MOD"] state (Fig. 3B). Thus, the 
continuous expression of ModS is necessary for 
propagation of [MOD"], and Mods is the pro- 
tein determinant of [MOD"]. Next, we explored 
non-Mendelian inheritance of [MOD"], but the 
tetrad analysis of [MOD"] diploids was unsuc- 
cessful (/8). Thus, we examined cytoplasmic in- 
heritance of [MOD ] by cytoduction. We crossed 
akar1-1 Atrm1] yeast with the [MOD"] or [mod] 
diploids that had been converted to Mat a/a 
diploids (/8) and tested cytoductants for growth 
on 5-FU plates to identify [MOD] colonies. 
About half of the cytoductants from [MOD*] 
showed sensitivity to 5-FU (47%), whereas 
those from [mod] did not (0%) (Fig. 3C). Thus, 
[MOD '’ ] is a cytoplasmically inherited genet- 
ic trait. 

Finally, we investigated physiological conse- 
quences of the prion conversion of Mod5. Mod5 
catalyzes isopentenylation of tRNA by trans- 
ferring dimethylallyl pyrophosphate (DMAPP) 
to tRNA A37; DMAPP is also a substrate for 
Erg20 in the sterol biosynthetic pathway (29). 
Thus, a decrease in the tRNA modification by 
less soluble (functional) Mod5 should boost 
the sterol synthesis. We found that [MOD"] 
cells contain lower levels of the tRNA modi- 
fication [isopentenyladenosine (PA)] and higher 
ergosterol levels than [mod] cells (Fig. 4, A and 
B, and fig. S8) (30, 37). [MOD"] yeast showed 
resistance to a microtubule inhibitor, nocodazole 
(Fig. 4C), as in the case of overexpression of 
Erg20 in [mod ] yeast (fig. S9). Thus, the prion 
conversion to [MOD"] states stabilized micro- 
tubule structures. [MOD"] yeast also acquired 
resistance against antifungal agents such as 
fluconazole, ketoconazole, and clotrimazole 
that inhibit ergosterol biosynthesis (Fig. 4D), 
presumably because of the increased ergosterol 
levels. Atrm/ was not responsible for the ac- 
quired antifungal resistance of [MOD"] because 
the rescue of Trm1 in [MOD"] yeast did not alter 
the antifungal resistance (Fig. 4D). To address 
whether the antifungal resistance of [MOD"] is 
linked to positive selection under environmen- 
tal stress, we examined if the de novo appear- 
ance of [MOD"] prion states could be detected 
by culturing nonprion [mod ] yeast with anti- 
fungal drugs. The [MOD"] prion state appeared 
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in culture in the presence of antifungal agents, 
but not sodium chloride that causes general stress 
conditions (Fig. 4E) (0). The de novo appear- 
ance of [MOD’] states was also seen in a wild- 
type [mod ] strain that expresses intact Mod5 
and Trm1 (fig. S10), indicating that the GFP 
tag in Mod5S or the deletion of Trm1 was not re- 
sponsible to the selective advantage of [MOD"]. 
The de novo appearance of prion states was se- 
lective for [MOD] because the color of [MOD*] 
yeast remained red; hence [PS/“] states did not 
appear. Thus, whereas prions are known to be 
unstable when they first appear, antifungal drugs 
selectively allowed newly appearing [MOD" | 
prions to grow and stabilize. Next, we performed 
competition experiments to examine which [MOD"] 
or [mod ] yeast grows preferentially in the ab- 
sence or presence of antifungal drugs. In the 
presence of fluconazole, [MOD"] yeast showed a 
growth advantage (Fig. 4F), indicating positive 
selection of [MOD"] under the pressure of anti- 
fungal agents. In contrast, the fraction of [MOD" | 
cells was decreased in cultures without flucona- 
zole. This reduction was not due to prion loss 
(78) but rather to differences in the doubling time 
of yeast between [MOD] (150 min) and [mod] 
(124 min) because the distinct doubling time 
predicted the decrease in the fraction of [MOD"] 
(Fig. 4F). Furthermore, Atrm/ did not contribute 
to the competitive growth of [|MOD"] and [mod "| 
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Fig. 3. Dominant and cytoplasmic 
inheritance of [MOD*] genetic traits. 
(A) [MOD*] haploids isolated by pro- 
tein infection show GdnHCl-reversible 
5-FU sensitivity. [mod] and [MOD*] 
haploids before and after treatment 
with 3 mM GdnHCl were spotted on 
YPD in the presence of 5-FU (15 pg/ml). 
(B) [MOD*] is dominantly inherited, 
and the propagation of [MOD*] re- 
quires continuous expression of Mod5. 
[MOD*], Amod5, or [MOD*]Amod5 
strains were crossed with [mod7] 
haploids. The sensitivity of the re- 
sulting diploids to 5-FU is shown. (C) 
[MOD*] is inherited by cytoduction. 
[mod™] and [MOD"] strains (donor), a 
recipient, and a representative of cy- 
toductants were spotted on YPD with 
5-FU (20 g/ml). Fivefold serial dilu- 
tions of yeast cells were spotted in 
the sensitivity assay. 


strains (fig. S11). Thus, the [mod] nonprion 
yeast became dominant when both [MOD" ] and 
[mod] yeasts were released from the pressure 
of antifungal agents. These results uncover a 
cellular mechanism in which a conformational 
switch of non—Gln/Asn-rich Mod5 from a sol- 
uble state to an aggregated form allows the yeast 
to adapt to the harmful environment of antifungal 
drugs by up-regulating ergosterol biosynthesis 
at the expense of tRNA modification (fig. S12). 
The dominance of the [MOD*] yeast due to its 
growth advantage was eventually lost when 
the cells were released from the selective pres- 
sure of antifungal drugs. Thus, yeast cells em- 
ploy prion conversion only when necessary for 
cell survival. 

Acquisition of resistance to drugs including 
antifungal agents is a historical problem in med- 
icine and agriculture. Recently, it has been shown 
that Hsp90 regulates the phenotype of anti- 
fungal resistance in pathogenic yeasts (32). 
This study suggests that active prion conver- 
sion in response to environmental selection 
may also be responsible for a wide spectrum 
of cellular adaptation and that cells may have 
evolved epigenetic prion conversion for fast 
on-demand adaptation in stressful environments 
to complement slower genetic adaptation pro- 
cesses and without the risk of generating del- 
eterious mutations. In summary, our findings 
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Fig. 4. Physiological roles of [MOD*] genetic traits. (A) Relative amounts 
of isopentenyladenosine ('°A) in tRNA of [mod ~] and [MOD*] yeasts. (B) 
Relative ergosterol levels in [mod ~] and [MOD*] yeasts. (C) The resistance 
of [MOD*] to nocodazole, a microtubule inhibitor. Fivefold serial dilutions 
of yeast cells were spotted on YPD plates with or without nocodazole 
(3 ug/ml). (D) Resistance of [MOD*] to antifungal agents was examined by 
a halo assay. [MOD*] and [mod "] cells (left panels) or those cells in which 
Trm1 is supplemented from a low-copy plasmid (right panels) were 


plated onto YPD plates. 10 ul of fluconazole (2 mg/ml), ketoconazole 
(100 g/ml), and clotrimazole (50 g/ml) were spotted onto a round 
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paper filter. (E) Frequency of de novo appearance of [MOD*] by YPD 
culture with fluconazole (50 ug/ml), ketoconazole (10 ug/ml), or sodium 
chloride (0.5 M). (F) Growth advantage of [MOD*] in YPD culture with 
fluconazole. Yeast cells of [mod ~] and [MOD*] strains were mixed at 
the 1:1 ratio and grown in YPD (black) or YPD containing fluconazole 
(50 ug/ml) (gray). A fraction of [MOD*] yeast was determined at each 
time point. Theoretical relative ratios of [MOD*] in YPD calculated from 
doubling times of [mod ~] (124 min) and [MOD*] (150 min) strains are 
shown by a dotted line. Error bars denote SD. *P < 0.01, based on an 
independent t test (n = 3 experiments). 


RTS 


expand the definition of prion conversion beyond 
the disease state to a normal control mechanism 
for cellular fitness adaptation during environ- 
mental selection. 
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When Are Two Heads Better 
than One and Why? 


Asher Koriat?* 


A recent study, using a perceptual task, indicated that two heads were better than one provided 
that the members could communicate freely, presumably sharing their confidence in their 
judgments. Capitalizing on recent work on subjective confidence, | replicated this effect in the 
absence of any dyadic interaction by selecting on each trial the decision of the more confident 
member of a virtual dyad. However, because subjective confidence monitors the consensuality 
rather than the accuracy of a decision, when most participants were in error, reliance on the more 
confident member yielded worse decisions than those of the better individual. Assuming that 

for each issue group decisions are dominated by the more confident member, these results help 
specify when groups will be more or less accurate than individuals. 


any everyday decisions are made joint- 
M: by two or more people. Studies that 

compared the accuracy of individual 
and group decisions have yielded somewhat in- 
consistent results. The groupthink phenomenon, 
which refers to a mode of decision-making that 
occurs within a cohesive group, has been claimed 
to underlie some of the disastrous decisions made 
in U.S. history (/—3). However, several studies 
have indicated that cooperative groups perform 
better than independent individuals on a wide 
range of tasks (4, 5). 

The immediate motivation for the present 
work comes from a recent study that delivers en- 
couraging news. In the article Optimally Interact- 
ing Minds (6), Bahrami et al. compared individual 
and dyadic performance in a simple visual task. 
They asked, “[H]ow [can] signals from the same 
sensory modality (vision) in the brains of two 
different individuals ... be combined through so- 
cial interaction?” In their experiments, partic- 
ipants judged which of two briefly presented 
stimuli contained an oddball target. Participants 
worked in dyads; they first made their decision 
individually, then shared their decisions, and if 
they disagreed, they discussed the matter until 
they reached a joint decision. The results led to 
the conclusion that “for two observers of nearly 
equal visual sensitivity, two heads were defi- 
nitely better than one provided they were given 
the opportunity to communicate freely.” In dis- 
cussing the mechanism responsible for the two- 
heads-better-than-one (2HBT1) effect, the authors 
assumed that each individual can monitor the 
accuracy of his or her performance and can com- 
municate his or her confidence accurately to the 
other member. 

The present proposal, which capitalizes on re- 
cent work on the bases of subjective confidence 
(7-9), can account for the 2HBT1 effect in the 
absence of any communication between the mem- 
bers. On the one hand, this work, along with the 
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results of (6), suggests a useful algorithm for 
combining judgments across two people who oper- 
ate individually. In this algorithm—maximum- 
confidence slating (MCS)—for each trial, the 
decision that is made with higher confidence by 
one member of a virtual dyad is selected, circum- 
venting dyadic interaction altogether. According 
to the self-consistency model (SCM) of subjective 
confidence (7), the MCS algorithm should yield 
a 2HBT1 effect, allowing a decision-maker to 
reach better decisions by combining information 
across a group of noninteracting participants. On the 
other hand, SCM implies boundary conditions to 
the group benefit so that under some conditions, 
two heads should be substantially worse than one. 

SCM addressed the question of when confi- 
dence judgments are diagnostic of accuracy and 
why. In many two-alternative forced-choice (2AFC) 
tasks, a relatively high within-person confidence- 
accuracy (C/A) correlation is typically observed 
across items, suggesting that participants can mon- 
itor the accuracy of their choices. In attempting 
to clarify how people know that they know (/0), 
it was noted (//) that in all previous studies of 
the C/A correlation, participants were more often 
correct than wrong, so that the correct answer 
was also the consensual or popular answer. When 
correctness and consensuality were dissociated 
by including a large number of items for which 
most participants chose the wrong answer, confi- 
dence was clearly correlated with the consensu- 
ality of the answer rather than with its correctness: 
For consensually correct (CC) items, the C/A cor- 
relation was positive, whereas for consensually 


wrong (CW) items, it was consistently negative. 
This consensuality principle has now been con- 
firmed for word-matching, feeling-of-knowing 
judgments, general-information questions, mem- 
ory of studied sentences, and perceptual judg- 
ments (7, 8, //—14). Although in none of these 
studies were participants informed about others’ 
choices, their confidence correlated strongly with 
the proportion of other participants who made that 
choice, not with the correctness of the choice. 

SCM attempted to account for these and other 
findings. The model is described elsewhere (7). 
It assumes that people’s responses to a 2AFC 
item are based on the random sampling of cues 
and representations associated with the item. An 
individual’s subjective confidence, much like sta- 
tistical level of confidence, is based on the consist- 
ency with which the decision reached is favored 
across the sampled representations. Assuming that 
the population of potential representations asso- 
ciated with each item is commonly shared across 
individuals, it was shown that a random sam- 
pling of representations is bound to yield higher 
confidence for consensual than for nonconsen- 
sual decisions (7-9). 

The implications for the 2HBT1 effect are two- 
fold. First, in many situations the knowledge 
that is shared by all participants corresponds by 
and large to the truth, so that the MCS algorithm 
as well as social interaction are expected to yield 
decisions that are more accurate than those of 
each individual alone. Thus, MCS is expected to 
yield a 2HBT1 effect for many perceptual and 
general-knowledge tasks in which the items are 
representative of their domain. Indeed, the wisdom- 
of-crowds phenomenon suggests that information 
that is aggregated across participants is generally 
closer to the truth than is the information pro- 
vided by each individual participant (/5—/8). 

The second implication, however, is that if 
confidence is tuned to the “common knowledge” 
rather than to the truth, reliance on confidence 
can be misleading when the shared knowledge 
departs from the truth. The psychological litera- 
ture is replete with documentations of situations 
in which participants’ perceptions, judgments, and 
beliefs deviate consistently from the truth (/9, 20). 
Examples include perceptual and memory illusions, 
deceptive general-knowledge questions, reconstruc- 
tive memory errors, illusory truth judgments, and 
various judgmental biases. Assuming that collec- 


Table 1. Percentage of correct decisions. In study 1, participants decided which of two displays con- 
tained an oddball target. In study 3, participants decided which of two lines was longer (Lines) or which 


of two shapes had a larger area (Area). 


HP (%) LP (%) D-HC (%) D-LC (%) 
Study 1 
Oddball target 67.82 66.98 69.88 64.93 
Study 3 
Lines CC 81.58 80.59 85.03 77.14 
cw 25.00 26.31 17.10 34.21 
Shapes CC 83.33 84.58 86.67 81.25 
cw 28.13 24.06 22.50 29.69 
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tive decisions are dominated by the most confi- 
dent members (6, 2/, 22), these decisions (and 
the MCS algorithm) should yield performance 
in these cases inferior to the performance of the 
individual members. For example, the results of 
(11) suggest that when two participants decide 
whether the capital of Norway is Copenhagen or 
Oslo, the more confident participant is the more 
likely to be correct, but when they decide whether 
the capital of Ausralia is Canberra or Sydney, 
the more confident member is more likely to be 
wrong. 

In studies 1 to 4, participants responded in- 
dividually to 2AFC questions and indicated their 
confidence in each response. To nullify chronic 
individual differences in confidence (23), the con- 
fidence judgments were first standardized so 
that the mean and SD of all participants were 


Table 2. Percentage of correct decisions in study 
5. The study was similar to study 3, but partici- 
pants performed the tasks twice with a 1-week 
interval. 


AP (%) D-HC (%)  D-LC (%) 
Lines cc 81.16 82.75 79.56 
CW 22.63 21.00 24.25 
Shapes CC 81.33 82.33 80.33 
CW 27.38 27.13 27.63 
Consensually Correct items 
Shorter/Smaller Longer/Larger = % Correct 


Consensually Wrong items 


Shorter/Smaller Longer/Larger % Correct 
OI 
C7 
15.38 
4 
ed 


Fig. 1. Examples of the stimuli used in studies 3 
and 5, divided into those for which the consen- 
sual answer was the correct answer (consensually 
correct) and those for which the consensual an- 
swer was the wrong answer (consensually wrong). 
The percentage of correct responses in study 3 is 
indicated. 


equal to the mean and SD of the raw scores. 
Participants were then paired ad hoc to form 
virtual dyads. The member with higher percent 
correct was designated as high performing (HP), 
and the other as low performing (LP). In addi- 
tion, two dummy participants were created as 
follows: For each item, the response of the mem- 
ber with higher confidence was slated to the dum- 
my high-confidence (D-HC) participant, and the 
other to the dummy low-confidence (D-LC) par- 
ticipant. Percent accuracy was then calculated 
for the four “participants.” The performance of 
the D-HC participant represents the MCS al- 
gorithm (24). 

In studies 1 and 2, the 2AFC items were se- 
lected to be representative of their domains. Hence, 
participants’ decisions are more likely to be cor- 
rect than wrong, and the MCS algorithm is ex- 
pected to yield better decisions than those of the 
better individual. 

Study 1 used the same task as in (6), but par- 
ticipants performed the entire experiment indi- 
vidually and indicated their confidence in each 
response on a 50-to-100% scale. The stimuli were 
selected randomly from all possible combinations, 
but the same pairs were presented to all partic- 
ipants in the same random order. 38 participants 
were paired ad hoc on the basis of their percent 
correct to form 19 virtual dyads. Mean percentage 
of correct answers was calculated for each of the 
four “participants” (Table 1). 

First, accuracy was higher for D-HC than for 
D-LC [t(18) = 7.52, P < 0.0001], indicating a 
positive C/A correlation in a between-individual 
comparison. Second, performance was more ac- 
curate for D-HC than for HP [#(18) = 6.69, P< 
0.0001], supporting the 2HBT1 effect. The su- 
periority of D-HC performance was observed 
for 18 out of the 19 dyads (P < 0.0001) by a bi- 
nomial test. Last, percent correct was significant- 
ly lower for D-LC than for LP [4(18) = 6.69, P< 
0.0001]. The same pattern was observed when 
the raw (rather than standardized) confidence 
judgments were used. 

I also examined whether three heads are bet- 
ter than two by adding one participant to each 
dyad and selecting the response of the most con- 
fident participant in the triplet. The performance 
of the triplet D-HC (71.88%) was better than 
that of the dyadic D-HC (69.88%) [#18) = 5.05, 
P< 0.0001). 

Study 2 (24) replicated the results of study 
1 by using a general-knowledge task in which 
participants judged which of two European coun- 
tries has a larger area or a larger population. The 
stimuli were constructed to be representative of 
their domain (25). The results indicated that per- 
formance was more accurate for D-HC than for 
HIP for both the area task and the population task. 
For both tasks, the results also indicated that three 
heads were better than two. 

The results of studies 1 and 2 yielded a 2HBT1 
effect in the absence of interaction between the 
members of the dyad. This effect derived from 
confidence being diagnostic of accuracy even in 
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a between-individual analysis: When the mem- 
bers of a dyad disagreed, the decision associated 
with higher confidence was the more likely to 
be correct. 

I then turned to tasks for which “common 
knowledge” did not always correspond to the truth. 
SCM predicts that when participants’ decisions are 
incorrect by and large, the selection of the high- 
confidence decisions should yield inferior accu- 
racy than that of each individual alone. 

Study 3 was based on a reanalysis of the data 
from two experiments that tested basic predic- 
tions of SCM for perceptual judgments (8). In 
experiment 1, participants decided which of two 
irregular lines was longer (Lines), and in exper- 
iment 2, participants decided which of two shapes 
(Shapes) had a larger area. A deliberate attempt 
was made to include a sufficiently large number 
of CW pairs—pairs for which the majority of par- 
ticipants are likely to choose the wrong answer. 

The items were classified as CC or CW ac- 
cording to whether most participants chose the 
correct or the wrong answer (Fig. 1). Nineteen and 
20 virtual dyads were formed for the Lines and 
Shapes tasks, respectively. The results (Table 1) 
indicated a different pattem for the CC and CW 
items. For the CC items, D-HC exhibited the best 
performance, which is consistent with the 2HBT1 
effect. For the CW items, in contrast, D-HC 
exhibited the worst performance of all “partic- 
ipants.” This pattern was observed for each of 
the two tasks. 

A two-way analysis of variance (ANOVA) 
across the two tasks, which compared D-HC with 
HP for CC and CW items, yielded F\ 33 = 10.49, 
mean squared error (MSE) = 95.26, P < 0.005 for 
the interaction. For the CC items, performance 
was better for D-HC (85.87%) than for HP 
(82.48%) [4(38) = 2.82, P < 0.01]. In contrast, 
for the CW items percent correct was lower for 
D-HC (19.87%) than for HP (26.60%) [4(38) = 
2.86, P< 0.01]. 

For the CW items, D-HC performance was 
worse than that of the worst participant (LP) 
(25.16%) [#(38) = 2.20, P < 0.05]. For these 
items, the best accuracy was achieved by D-LC 
(31.89%), so that a 2HBT1 effect can be obtained 
if the responses of the participant with lower con- 
fidence are selected. 

Study 4 was based on a reanalysis of the re- 
sults of (7), which included CC and CW 2AFC 
general-knowledge items. For the CC items, 
D-HC exhibited the best performance, whereas 
for the CW items, it exhibited the worst perform- 
ance (24). 

For an external observer who cannot tell CW 
from CC items (cannot tell whether the consen- 
sual or high-confidence answer is right or wrong), 
applying the same heuristic across the board (for 
example, “take the high-confidence response”), 
or relying on dyadic decisions, can generally be 
beneficial. However, if the “crowd” is in error, 
reliance on confidence is bound to be misleading. 

Study 5 extended the MCS algorithm to a 
within-individual design. This extension can allow 
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generalizing the findings beyond the theoretical 
context of (6), which focused on the benefits of 
social interaction. Indeed, predictions from SCM 
were confirmed for a within-individual design: 
When participants responded to 2AFC items on 
several occasions, they were more confident when 
they made their more frequent decision than when 
they made their less frequent decision (7-9). The 
tasks used in study 3 were presented twice with a 
l1-week interval. The hypothesis tested is that a 
compilation of the high-confidence choices across 
the two presentations should yield the same pat- 
tern of results as that observed for a between- 
person compilation. 

The extension of the wisdom-of-crowds idea 
to a within-person context (26—28) indicated that 
when participants estimated a quantity on two 
occasions, their average estimate was closer to 
the truth than their individual estimates. There- 
fore, in Study 5 D-HC performance was com- 
pared with average performance (AP) across the 
two sessions. The items were classified as CC or 
CW by using the same classification as in (8) and 
in study 3. Between-session differences in confi- 
dence were first nullified by setting the mean and 
SD of confidence judgments in session 2 as 
those of session 1 for each task and participant. 
For each item, the response associated with higher 
confidence across the two sessions was slated to 
D-HC and the other to D-LC. Mean percent cor- 
rect for D-HC, D-LC, and AP is presented in 
Table 2 for the CC and CW items in each task. 

A three-way ANOVA, task (Shapes versus 
Lines) x measure (D-HC versus AP) x item type 
(CC versus CW) yielded Fy 49 = 5.03, MSE = 
24.83, P < 0.05 for the measure < item type in- 
teraction. For the CC items, D-HC accuracy 
(82.54%) was higher than AP accuracy (81.24%) 
[(49) = 2.67, P < 0.05]. For the CW items, D-HC 
accuracy (24.06%) tended to be somewhat lower 
than AP accuracy (25.00%) [#49) = 1.05, P < 
0.31]. In addition, across the CC items, confi- 
dence was higher when the correct choice was 
made than when the wrong choice was made, 
whereas the opposite was true for the CW items. 

A comparison of D-HC with D-LC suggests 
that the benefit from the MCS algorithm in the 
case of CC items was more limited for the within- 
person confidence-based slating (study 5; 2.68 
percentage points) than for the cross-person slat- 
ing (study 3; 6.62 percentage points). The reason 
derives from the greater independence between 
decisions of two members of a dyad (study 3; a 
correlation of 0.02) than between the two de- 
cisions of the same person (study 5; a correlation 
of 0.63) (28). 

The present work delivers three messages. 
First, under many conditions in which partici- 
pants’ decisions are correct by and large, a 2HBT1 
effect should be observed. The results of the 
present study are consistent with Bahrami et al.’s 
(6) proposition that the benefit from dyadic in- 
teraction derives from individuals communicat- 
ing their level of confidence accurately to each 
other. Here, however, a 2HBT1 effect was ob- 


served (studies 1 and 2) in the absence of social 
interaction. The selection of responses on the 
basis of confidence improved accuracy beyond 
the improvement achieved by the aggregation of 
responses across individuals (/5). 

Second, however, in situations in which most 
participants tend to make the wrong decisions, 
the MCS algorithm, as well as social interaction, 
is expected to yield group decisions that are even 
less accurate than those of each individual alone. 
In such cases, it is the low-confidence individuals 
who are more likely to be correct, and reliance on 
the more confident members should lead the 
group astray. 

Last, the within-individual results (study 5) 
highlight a general perspective for the analysis 
of decision accuracy that goes beyond the ef- 
fects of social interaction (6). This perspective, 
as captured by SCM, involves the variations in 
confidence that occur both within individuals 
and between individuals when choice and con- 
fidence are based on the sampling of clues from 
a common database (7, 27). 
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Philipp Neudecker,”~?*> Paul Robustelli,° Andrea Cavalli,® Patrick Walsh,”” Patrik Lundstrém,223 


Arash Zarrine-Afsar,“? Simon Sharpe,”” Michele Vendruscolo,® Lewis E. Kay 
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Protein-folding intermediates have been implicated in amyloid fibril formation involved in 
neurodegenerative disorders. However, the structural mechanisms by which intermediates initiate 
fibrillar aggregation have remained largely elusive. To gain insight, we used relaxation dispersion 
nuclear magnetic resonance spectroscopy to determine the structure of a low-populated, on-pathway 
folding intermediate of the A39V/N53P/V55L (A, Ala; V, Val; N, Asn; P, Pro; L, Leu) Fyn SH3 
domain. The carboxyl terminus remains disordered in this intermediate, thereby exposing the 
aggregation-prone amino-terminal 8 strand. Accordingly, mutants lacking the carboxyl terminus 
and thus mimicking the intermediate fail to safeguard the folding route and spontaneously 
form fibrillar aggregates. The structure provides a detailed characterization of the non-native 
interactions stabilizing an aggregation-prone intermediate under native conditions and insight 
into how such an intermediate can derail folding and initiate fibrillation. 


called amyloid fibrils, form conspicuous de- 


[ane B sheet-rich fibrillar aggregates, 
posits in tissue associated with a wide range 


of human pathologies, including Alzheimer’s and 
Parkinson’s diseases and type 2 diabetes (/—4). 
Fibril formation has been reported for many 
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proteins, and aggregates are often highly cytotox- 
ic, even for proteins not linked directly to a clin- 
ical condition, as in the case of SH3 domains (5). 

Although experimentally determined atomic- 
resolution models have started to appear for 
amyloid fibrils (6), the detailed structural mech- 
anisms of aggregation, generally believed to fol- 
low nucleation-and-growth schemes (3), are still 
largely unclear. Initial observations that amyloid 
formation often occurs for disordered or destabi- 
lized polypeptide chains suggested that aggregation 
requires extensive unfolding (7). However, fibril 
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Fig. 1. Structure of the low-populated interme- 
diate. (A) Backbone overlay of the 10 lowest-energy 
structures of the intermediate of A39V/N53P/V55L 
Fyn SH3 from Ser’ to Ala°®. (B) Backbone overlay in 
schematic representation of the lowest-energy solu- 
tion structure of the native state (orange) (fig. $2 
and table S1) with the lowest-energy solution struc- 
ture of the intermediate state (green). Residues Pro~” 
to Asp’, which are completely flexible as estab- 
lished by random-coil chemical shifts (fig. S5B), have 
been added in an extended conformation for il- 
lustrative purposes only and are highlighted in 
light blue. (C) Same overlay as in (B) illustrating 
the differences in hydrogen bonding (dashed lines) 
between strands Bs, Bz, and By». (D) Overlay as in 
(B) and (C) illustrating how the side chain of Phe* 
(F4) (space-filling representation) stacks with Pro’ 
(P57) (ball-and-stick representation) in the native 
state but fills the gap left by the missing strand B, 
in the intermediate. The amide proton of Glu (E5) 
is shown in magenta. 


formation is also observed for globular proteins 
under native conditions, and theoretical consider- 
ations as well as experimental evidence indicate 
that aggregation proceeds via native-like inter- 
mediates that are formed after the major folding 
barrier in many of these systems (4). Reports 
that pre- and protofibrillar oligomers are often 
as or even more cytotoxic than the fibrils them- 
selves (3, 5, 8/0) have increasingly shifted focus 
toward early stages of aggregation and fibril for- 
mation. Recently, an intermediate with a non- 
native trans-proline conformation was identified 
as the direct precursor of B-2-microglobulin fibril 
elongation under native conditions (//). The struc- 
ture of this intermediate, although not known 
in detail, is close to the native state (//). A mu- 
tant enforcing the trans conformation crystallized 
directly as a crystallographic dimer, suggesting 
a straightforward model for monomer arrange- 
ment within a fibril (72). 

Because the experimental detection and char- 
acterization of low-populated, transiently formed 
intermediates in protein folding and aggrega- 
tion is challenging (/3, 14), their atomic-resolution 


Cc 
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structures, aggregation propensities, and roles in 
aggregation are not understood in detail. With 
the development of Carr-Purcell-Meiboom-Gill 
(CPMG) relaxation dispersion nuclear magnetic 
resonance (RD NMR) spectroscopy (fig. $1) (75), 
however, protein-folding exchange reactions on 
the millisecond time scale can be studied at atomic 
resolution and under native equilibrium condi- 
tions (/6). In addition to quantifying the kinetics 
and thermodynamics of the exchange process, 
backbone chemical shifts and bond vector ori- 
entations of low-populated (excited) states can be 
obtained, which are key to the atomic-resolution 
structure determination of these transient con- 
formers (/7, /8). 

In previous '"N CPMG RD NMR studies 
(16, 19), we demonstrated that the A39V/N53P/ 
V55L (A, Ala; V, Val; N, Asn; P, Pro; L, Leu) Fyn 
SH3 domain folds from the unfolded state (U) 
via an on-pathway, low-populated (~2%) inter- 
mediate (I) to a native B-sandwich fold (N). The 
stability and folding kinetics of this mutant are 
well within the window of the CPMG method 
(fig. S1). In the structure of the A39V/N53P/ 


COOH 
RT-Src loop 
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V55L Fyn SH3 domain native state, determined 
from NMR data starting from the crystal struc- 
ture of the N53I/VS55L Fyn SH3 domain (20) 
(fig. S2 and table S1), the terminal (strands B, and 
Bs) and central (strands B2, B3, and By) B sheets 
are connected at one edge by hydrogen bonds 
between 8, and B, to form a five-stranded in- 
complete antiparallel B barrel (Fig. 1). The I 
state is a compact near-native intermediate formed 
after the major folding barrier (9), with the 
central three-stranded B sheet already intact in 
the rate-limiting transition state between U and 
I (19, 21, 22). Interestingly, the '*N chemical 
shifts of the intermediate revealed pronounced 
non-native interactions (fig. S3) (19, 22). Con- 
trary to the notion that such interactions cause 
kinetic traps that evolution has largely selected 
against, there is increasing evidence that they 
play an important role in the folding and mis- 
folding of many proteins (4, 14, 20, 23), includ- 
ing the Fyn SH3 domain (20). To gain further 
insight into how non-native interactions influence 
both folding and misfolding, we used CPMG RD 
NMR spectroscopy under solution conditions 
that favor the native state to determine the three- 
dimensional structure of the transient interme- 
diate of the A39V/N53P/V55L Fyn SH3 domain 
(see supplementary materials and methods). 

To this end, we recorded and analyzed a vari- 
ety of CPMG RD experiments (fig. S4) on sev- 


Fig. 2. Aggregation propensities of the native and 
intermediate states of A39V/N53P/V55L Fyn SH3. 
Sequence-based aggregation propensity score, Zagg 
(25), color-coded onto the lowest-energy solution 
structure of (A) the native state and (C) the inter- 
mediate. Zagg is normalized with respect to random 
sequences; Zag, > 1 (orange to red) indicates sig- 
nificant propensity to aggregate. (B) Surface 
aggregation propensity score, Sagq (32), for the 
lowest-energy solution structure of the native state 
and (D) the intermediate. 


eral suitably isotope-labeled A39V/N53P/V55L 
Fyn SH3 samples at 20°C. '°N, 'HN, °CO, °Ca, 
and 'Ha backbone chemical shifts of the inter- 
mediate (fig. S3B), 'SN-'HN backbone amide 
residual dipolar couplings, and '°CO residual 
chemical shift anisotropies were obtained from 
fits of the resulting RD profiles from sites show- 
ing chemical exchange (fig. S4). The extracted 
chemical shifts corroborate our earlier observa- 
tions (19, 22) that much of the native backbone 
fold is already formed in I, except for the N- and 
C-terminal regions (fig. SSA), but provide sub- 
stantially more data on which to base a struc- 
tural analysis so that the conformational changes 
to the N and C termini can be elucidated. Most 
notably, the C terminus from Pro’ to Asp>” is 
disordered in I (fig. SSB), which implies that 
strand Bs; is not formed. We used the CamShift 
chemical shift restrained molecular dynamics 
structure calculation protocol (figs. S6 to S8) 
(24), which makes use of RD-derived back- 
bone chemical shifts, '*N-'HN residual dipolar 
couplings, and '°CO residual chemical shift an- 
isotropies, to obtain more quantitative structural 
information about the well-ordered part of the 
domain. 

Superposition of the 10 resulting lowest- 
energy structures of the folding intermediate (Fig. 
1A) reveals that the topology of strands 8, to 
B4 followed by the helical turn is native-like 


RT-Src loop 


-Sre loop 


distal loop 


RT-Src loop 


distal loop 
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2 1.50 


(Fig. 1B; see table S2 for structural statistics), in 
agreement with backbone amide H/D exchange 
experiments (fig. S9). The tertiary interactions 
missing in the absence of strand B; are partially 
compensated for by non-native contacts within 
this residual native-like backbone topology. In 
particular, strand 8; compensates for the loss of 
hydrogen bonding to Bs by associating more 
tightly with strand B, through the formation of a 
non-native hydrogen bond between Ile** HN 
and Thr’ CO (Fig. 1C), with a much shorter 
HN-O distance in the intermediate (1.92 + 
0.08 A) relative to the native structure (4.39 + 
0.28 A). In addition, the four-stranded B sheet 
of I is stabilized by non-native hydrophobic 
core packing with the bulky aromatic ring of 
Phe’ filling the space occupied by the back- 
bone of strand Bs in the native state (Fig. 1D). 
An advantage of the chemical shift restrained 
structure calculation is the possibility to determine 
side-chain conformations by exploiting aromatic- 
ring current effects on nearby backbone atom 
chemical shifts. The difference in aromatic pack- 
ing between states N and I is associated with 
large chemical shift changes affecting the amide 
proton of Glu? (Fig. 1D and fig. S3) and other 
backbone resonances; this enables reliable place- 
ment of the aromatic side chain of Phe’ in a 
position that is consistent with backbone amide 
H/D exchange measurements (fig. S9). 


RT-Src loop 


distal loop 
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2 3.50 


20 APRIL 2012 VOL 336 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on April 19, 2012 


Our structure thus explains why the four- 
stranded B sheet constitutes a metastable folding 
intermediate. It also reveals how this state can 
lead to aggregation, as it exposes strand B,, which 
has an unusually hydrophobic amino acid se- 
quence that is predicted (25) to be aggregation- 
prone (Fig. 2, A and C). B sheets require nonideal 
edge strands to avoid aggregation (26), such as 
the bulge at Pro®’ in strand , of the native Fyn 
SH3 (Fig. 1C), a conserved structural feature at 
this position in SH3 domains. Accordingly, the 
native state is protected from aggregation (Fig. 2B), 
whereas the intermediate is highly aggregation- 
prone (Fig. 2D). Because the extent of aggregation 
of I is limited by its low population (2% of 
the total concentration), we have experimentally 
studied its aggregation propensity by engineering 
the truncation mutant, A39V/N53P/V55L/A(57-60) 
Fyn SH3. The truncated domain has the same 
temperature midpoint and enthalpy of folding 
(fig. S10) as predicted for I based on the thermo- 


Fig. 3. Aggregation of the structural mimic of the fold- 
ing intermediate. (A) Intensity loss of backbone amide 
resonances in a series of [H,”°N]-heteronuclear single 
quantum coherence spectroscopy experiments recorded 
on 1.0 mM [U-*°C,°N] A39V/N53P/V55L/A(57-60) 
Fyn SH3 (top panel). Signal decreases of 0.16% per 
day at 15°C (black) and 1.6% per day at 20°C 
(blue) are quantified. The initial intensity (100%) is 
marked with a thick continuous horizontal line; sloped 
continuous lines are the result of linear regression. 
Monomeric A39V/N53P/V55L/A(57-60) Fyn SH3 pre- 
dominantly adopts a structure mimicking the folding 
intermediate of the A39V/N53P/V55L Fyn SH3 do- 
main [inset shows correlation between ?°N chemical 
shifts of | (y axis) and A39V/N53P/V55U/A(57-60) Fyn 
SH3 (x axis); fig. $11], with populations of the un- 
folded state estimated to be 5.7% at 15°C or 8.3% 
at 20°C (fig. $10). ppm, parts per million. In con- 
trast, no significant systematic intensity loss could 
be detected for other destabilizing mutants (bot- 
tom panel) such as 0.9 mM L3A/A39V/N53P/V55L 
Fyn SH3 (red diamonds) (22) or 0.9 mM F20L/A39V/ 
N53P/V55L Fyn SH3 (green squares) (22) at 35°C, 
even though the relative and absolute populations 
of the unfolded state under these conditions are 
similar (22) to those in the top panel. A threshold of 
2% (dashed horizontal lines) was estimated to in- 
dicate a statistically significant change under the 
experimental conditions. Intensities are plotted as 
mean + SD (error bars) over all backbone amide 
resonances that could be quantified accurately. (B 
and C) Negative stain transmission electron micro- 
graphs of A39V/N53P/V/55L/A(57-60) Fyn SH3 showing 
aggregates at two different magnifications, as indicated 
by the scale bars. (D) Overlay of the CD spectra of 
A39V/N53PN/55L (black), A39V/N53P/\V55L/A(57-60) 
Fyn SH3 monomers (blue), and aggregates (red). i, 
wavelength; Omrw, mean residue molar ellipticity. 
(E) Overlay of the absorption spectra of 20 uM 
Congo red in the absence (red) and presence (black) 
of A39V/N53P/V55U/A(57-60) Fyn SH3 aggregates. 
The difference spectrum (dashed blue curve) shows 
a clear hyperchromicity and red shift of the ab- 
sorbance band around 500 nm. 
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dynamics of the A39V/N53P/V55L Fyn SH3 do- 
main (/9) and is a structural mimic of I, as 
verified by backbone chemical shifts (Fig. 3A, 
inset, and fig. S11). 

As expected, A39V/N53P/V55L/A(57-60) Fyn 
SH3 spontaneously forms aggregates at room tem- 
perature under NMR conditions, associated with a 
significant resonance intensity loss on the time 
scale of days (Fig. 3A, top). This process can be 
slowed down dramatically by lowering the tem- 
perature (Fig. 3A, top), indicating a sizable rate- 
limiting energy barrier. This suggests that formation 
of stable aggregates after an initial oligomerization 
step may require extensive structural rearrange- 
ments. The resulting aggregates have a curly fi- 
brillar shape with a diameter of several nanometers 
in negative-stain transmission electron micrographs 
(Fig. 3, B and C, and fig. $12, A to C). They 
exhibit characteristic amyloid-like properties: 
For example, they have a high B-strand content, 
as established by circular dichroism (CD) spectra 


REPORTS [ 


that feature a very negative minimum at 214 nm 
in contrast with CD spectra of the native state 
(Fig. 3D), and they bind to Congo red dye (Fig. 
3E and fig. S13A), a stain commonly used to 
identify amyloid deposits (/—3). Similar fibrillar 
aggregates are also formed by the truncation 
mutants A(56-60) and A(57-60) Fyn SH3 in the 
wild-type background (figs. S12, D to H, and 
S13, C and D). The aggregation observed here is 
specific only to the truncation mutants that were 
rationally designed on the basis of the intermediate- 
state structure (Fig. 3A, top). None of the other 
mutants we have studied previously (22) show 
any evidence for spontaneous aggregation under 
similar conditions (Fig. 3A, bottom), not even when 
the unfolded state populations are as high or 
higher than for the truncated domains examined 
above. These results provide strong evidence that 
aggregation does not proceed via global unfold- 
ing, but rather involves a locally unfolded state 
accessed through thermal fluctuations. 
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Locally unfolded states that are separated from 
the N state by only low free-energy barriers play 
important roles in aggregation (4). In vivo or 
under physiological conditions, the structural 
fluctuations that access these locally destabilized 
conformers can be accelerated in a variety of 
ways, including by mutation, subunit dissocia- 
tion, or cis-trans prolyl peptide bond isomeriza- 
tion (4, 1/, 12). In vitro, fibril formation is often 
facilitated by destabilization through denaturants 
or acidic conditions, as in the case of the PI3K 
(5, 27, 28), o-spectrin (29, 30), and Yes (3/) 
SH3 domains. Interestingly, even under acidic 
conditions the aggregation propensity of an 
a-spectrin SH3 mutant was shown not to be 
correlated with overall stability (29), and ther- 
modynamic measurements indicated that ag- 
gregation involved only partial unfolding (30), 
as observed for the Fyn SH3 domain studied 
here. In fact, many of the key residues and struc- 
tural features that stabilize the A39V/N53P/V55L 
Fyn SH3 intermediate are also found in these oth- 
er SH3 domains, suggesting that the mechanism 
of aggregation reported here is likely to be con- 
served. For example, Yes, N47A (Asn*’—Ala*’), 
a-spectrin, and PI3K SH3 domains all contain a 
hydrophobic side chain at the position corre- 
sponding to Phe* in Fyn SH3 (Fig. 1D), as well 
as a hydrogen bond corresponding to the one 
between Ile** HN and Thr” CO (fig. $14) in the 
I state of the A39V/N53P/V55L Fyn SH3 do- 
main, which compensates for the loss of in- 
teractions involving B; (Fig. 1C). Furthermore, 
the carboxyl-terminal region of strand fs is 
unfolded in amyloid-like PI3K SH3 fibrils 
(27, 28), providing strong evidence in support 
of the conclusion that the formation of native 
strand B; is critical in preventing aggregation 
during folding. 

Our study demonstrates that key processes 
leading to amyloid fibril formation can be un- 


derstood through detailed structural studies of 
the monomeric precursors populated under close 
to physiological conditions. The three-dimensional 
structure of the SH3 domain intermediate re- 
ported here, obtained under native equilibrium 
conditions, provides a compelling illustration of 
how incomplete folding can trigger misfolding 
and aggregation. In this process, key non-native 
interactions that normally lead to folding also 
cause transient exposure of an aggregation-prone 
region subject to aberrant intermolecular associ- 
ation. These results highlight the promise of RD 
NMR for increasing our understanding of the 
link between thermally accessible, low-populated 
folding intermediates and fibril formation, as well 
as for the identification of specific structural ele- 
ments that can be targeted through rational de- 
sign of therapeutics against protein misfolding 
diseases. 
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ers detection limits by delivering more efficient ionization across a wide 
range of applications. Inside the ionBooster, an electrospray is main- 
tained at an elevated vaporizing temperature to enable enhanced de- 
solvation of the analyte ions, even at high eluent flow rates in UHPLC 
separations with sharp chromatographic peaks. The exact response 
with the ionBooster depends upon the type of compound and its specif- 
ic chemical characteristics and thermal properties. In combination with 
a maxis impact, a UHR-TOF system, accurate-mass data is obtained 
across the full mass range, enabling qualitative analysis of unknowns, 
analysis of multiple other drugs or target compounds, and retrospec- 
tive screening of data for any target formula. 

Bruker 

For info: 510-683-4300 | www.bdal.com 


LIFE SCIENCE TECHNOLOGIES 


New Products: Mass Spectrometry 


ECONOMY GC-MS SYSTEM 

The GCMSQP2010 SE is an advanced standard gas chromatograph 
mass spectrometer that combines the benefits of economy, simple op- 
eration, and enhanced performance. The GCMS-QP2010 SE features 
stable mass spectra that achieve high sensitivity and stability. The ion 
optical system is optimized with a high-performance quadrupole mass 
filter and Optdesign simulation program to provide high-quality mass 
spectra. Fully automated MS tuning allows users to optimize param- 
eters easily and constantly to ensure stable mass spectra can always 
be obtained. Enhanced maximum column flow up to 4 mL/minute gives 
users the ability to select from a variety of columns so that productiv- 
ity and sample throughput can be dramatically increased. An optional 
direct injection probe lets users easily obtain a mass spectrum when 
analyzing materials that don’t lend themselves to chromatography. It 
can also offer easy qualitative analysis without setting analytical pa- 
rameters of the gas chromatograph. 

Shimadzu Scientific Instruments 

For info: 800-477-1227 | www.ssi.shimadzu.com 


COMPACT MASS SPECTROMETER 

The Expression Compact Mass Spectrometer (CMS) is designed for 
the discovery research and process development synthetic organic 
chemistry market. Compact enough to operate in fume hoods and 
space-restricted laboratories, chemists can have direct access to iden- 
tify, monitor, and confirm compounds rapidly as they are created in the 
reactor. Moreover, the personal single quadrupole mass spectrometer 
allows for rapid compound confirmation in normal phase chromatogra- 
phy fractions. Traditionally, chemists initiate a multihour reaction and 
periodically withdraw samples for analysis in an open access mass 
spectrometry lab. The remote analysis takes hours, decreasing the 
usefulness of the information and building workflow inefficiencies. 
Additionally, large numbers of normal phase purification fractions are 
generated and add to the central lab burden, further slowing vital feed- 
back. The combination of a small footprint, critical design features, and 
an intuitive software package permits operation within a fume hood or 
next to existing bench instrumentation, allowing users access to fast 
answers. 

Advion 

For info: 607-379-4565 | www.advion.com 
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AAAS is here — 


bringing educational infrastructure 
to the developing world. 


AAAS is helping the Rwandan government 
rebuild its educational infrastructure as a way 


to help drive economic growth and development. 


By providing materials such as the Project 2061 
Atlas of Science Literacy, lesson plans from 
Science NetLinks, and access to Science digital 
libraries, AAAS is helping the people of Rwanda 
work toward a future built around science and 
technology. As a AAAS member your dues 
support these efforts. If you’re not yet a AAAS 
member, join us. Together we can make 

a difference. 


To learn more, visit 
aaas.org/plusyou/rwanda 
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Else Kroner Fresenius 
Immunology Award 


Call for Candidates 


In commemoration of the 25th anniversary 
of the early death of Else Kroner, June 5, 
2013, the Else Kréner-Fresenius-Stiftung 
(Foundation) intends to award world-wide 
pioneering discoveries in the field of medi- 
cal immunology and to facilitate future re- 
search by the winning individual or team. 


The award - At least 500,000 € will be 
awarded to the winner(s) in person. 
Up to 3,500,000 € will be awarded for 


future research. 


The candidates must be fully active resear- 
chers, who have made groundbreaking 
discoveries in medical immunology. They 
need to be in the position to accomplish 
the research intended in the next 3-5 years. 


Candidate nomination - Candidates will be 
proposed by IUIS member associations. 
Self-nominations need to be accompanied 
by two letters of recommendation from at 
least two internationally leading resear- 
chers in immunology from two different 
countries, 


Deadline for nominations: July 4, 2012. 
For further details please see www.ekfs.de 
and www.iuis-online.org, 
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‘ 2011 Winner 


| Dr. Tiago Branco 
B e th e y Postdoctoral 


Research Fellow 


nn ext fecion College 
winner! — 


Get recognized! 


US$ 25,000 Prize a 4 
7 
Deadline for entries: | 
June 15, 2012 


It’s easy to apply! Learn more at: 
www.eppendorf.com/prize 
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Eppendorf & Science Prize 
for Neurobiology 


Congratulations to Dr. Tiago Branco on winning the 2011 Eppendorf & Science Prize for his studies on how 
dendrites discriminate temporal input sequences and apply different integration rules depending on input 
location. The results of Dr. Branco’s research provide insight on how the brain performs computations, and 
suggest that even single neurons can solve complex computational tasks. 


Kurstin Roe Photography 


You could be the 11th winner of this award. 

The annual Eppendorf & Science Prize for Neurobiology honors young scientists for their outstanding contribu- 
tions to neurobiological research based on methods of molecular and cell biology. The winner and finalists are 
selected by a committee of independent scientists, chaired by Science’s Senior Editor, Dr. Peter Stern. 


To be eligible, you must be 35 years of age or younger. If you’re selected as this year’s winner, you will receive 
US$ 25,000, have your work published in Science and be invited to visit Eppendorf in Hamburg, Germany. 
Past winners and finalists have come from as far a field as China, Chile, India and New Zealand. 


Yes, it can happen to you. Enter your research now! 


eppendorf Science 
In touch with life AAAS 


eppendorf® is a registered trademark of Eppendorf AG, 


Germany. Copyright © 2012 by Eppendorf AG. 


LOCATION: University Faculty Lounge 
ARTICLE: The Visual Impact of Gossip 
DATE: Sep 21, 4:22pm 


LOCATION: Jackson Park Health Club 

ARTICLE: An Electronic Second Skin 

DATE: Sep 21, 7:43am 
LOCATION: Gyro King 
ARTICLE: Cavemen Craved 
Carbs, Too 
DATE: Sep 21, 1:13pm 


LOCATION: Hemlock Bar 

ARTICLE: Quantum Simulation 

of Frustrated Classical Magnetism 
in Triangular Optical Lattices 
DATE: Sep 21, 9:21pm 


LOCATION: Bed 

ARTICLE: Consciousness: 
What, How and Why 
DATE: Sep 21, 10:56pm 


A new way to look at science 


The new Science Reader app for iPad® from AAAS puts Science in your 
hands, wherever you go. Read abstracts, career advice, and highlights 
from our newest journals, Science Signaling and Science Translational 
Medicine. Plus, AAAS members can access full text articles from Science. 
Visit iTunes App Store™ or content.aaas.org/ipad for details. 


Science 


Available on the 
U) App Store 


Produced by the Science/AAAS Custom Publishing Office 


LIFE SCIENCE TECHNOLOGIES 


New Products: Mass Spectrometry 


ICP-MS SYSTEM 

The new iCAP Q is an ICP-MS system featuring world-class performance and increased 
throughput to help laboratories cut analysis times by up to 50% when compared to the 
XSERIES 2 ICP-MS, the model it replaces. The unique ion-focusing system in the iCAP 
Q delivers best-in-class signal-to-noise performance, and the proprietary QCell with 
flatapole technology for low mass cut-off offers unparalleled interference removal for 
complete confidence in results. New Qtegra software fully automates the system for one- 
click setup, which enables users to go from standby to performance-qualified analysis 
with the push of a button. To ensure nearly continuous uptime, the iCAP Q is designed 
to be easy to service. Access to the skimmer and sampler cones, the extraction lenses, 
and the torch assembly make routine maintenance fast and easy. The iCAP Q is ideal for 
environmental, metals, clinical research, food safety, semiconductor, and geochemical 


laboratories conducting both routine and complex elemental analyses. 
Thermo Fisher Scientific 
For info: 800-532-4752 | www.thermoscientific.com/dramatic 


MASS SPECTROMETER 

The TripleQuad 4500 System is a new triple quadrupole system that 
delivers 10x better sensitivity over competitive triple quadrupole sys- 
tems in the same mid-level class. The new 4500 system is designed 
to be the new ‘workhorse’ mass spectrometer with industry-leading 
ruggedness. The 4500 system has the option of QTRAP technology, 
which is recognized as delivering the world’s leading solution for si- 
multaneous quantitation and library searching. The proprietary QTRAP 
increases full-scan sensitivity by 100x over basic triple quadrupoles 
by incorporating the world’s most sensitive Linear Accelerator Trap, 
providing unmatched levels of confidence in results for screening ap- 
plications. To simplify the adoption of this next generation of LC/MS/ 
MS technology, new bundled solution packages called Accelerated 
Lab Integration Packages are offered. These packages consist of not 
only the mass spectrometer, but also the standards, software, training, 
validation services, and a liquid chromatography (LC) system, includ- 
ing the new Eksigent ekspert ultra 100 and 100-XL systems. 

AB Sciex 

For info: 877-740-2129 | www.absciex.com 


HIGH-SENSITIVITY ION SOURCE 

The high-sensitivity ionBooster is an ion source designed to meet the 
increasing demands for sensitivity enhancements in environmental 
analysis, food testing, and forensics. Sensitivity gains of 5x to 100x 
for many compounds extend the quantitative capability of modern 
accurate-mass MS systems to the sensitivity range of high-end triple- 
quadrupole instruments. The ion source enhances sensitivity and low- 
ers detection limits by delivering more efficient ionization across a wide 
range of applications. Inside the ionBooster, an electrospray is main- 
tained at an elevated vaporizing temperature to enable enhanced de- 
solvation of the analyte ions, even at high eluent flow rates in UHPLC 
separations with sharp chromatographic peaks. The exact response 
with the ionBooster depends upon the type of compound and its specif- 
ic chemical characteristics and thermal properties. In combination with 
a maxis impact, a UHR-TOF system, accurate-mass data is obtained 
across the full mass range, enabling qualitative analysis of unknowns, 
analysis of multiple other drugs or target compounds, and retrospec- 
tive screening of data for any target formula. 

Bruker 

For info: 510-683-4300 | www.bdal.com 


ECONOMY GC-MS SYSTEM 

The GCMSQP2010 SE is an advanced standard gas chromatograph 
mass spectrometer that combines the benefits of economy, simple op- 
eration, and enhanced performance. The GCMS-QP2010 SE features 
stable mass spectra that achieve high sensitivity and stability. The ion 
optical system is optimized with a high-performance quadrupole mass 
filter and Optdesign simulation program to provide high-quality mass 
spectra. Fully automated MS tuning allows users to optimize param- 
eters easily and constantly to ensure stable mass spectra can always 
be obtained. Enhanced maximum column flow up to 4 mL/minute gives 
users the ability to select from a variety of columns so that productiv- 
ity and sample throughput can be dramatically increased. An optional 
direct injection probe lets users easily obtain a mass spectrum when 
analyzing materials that don’t lend themselves to chromatography. It 
can also offer easy qualitative analysis without setting analytical pa- 
rameters of the gas chromatograph. 

Shimadzu Scientific Instruments 

For info: 800-477-1227 | www.ssi.shimadzu.com 


COMPACT MASS SPECTROMETER 

The Expression Compact Mass Spectrometer (CMS) is designed for 
the discovery research and process development synthetic organic 
chemistry market. Compact enough to operate in fume hoods and 
space-restricted laboratories, chemists can have direct access to iden- 
tify, monitor, and confirm compounds rapidly as they are created in the 
reactor. Moreover, the personal single quadrupole mass spectrometer 
allows for rapid compound confirmation in normal phase chromatogra- 
phy fractions. Traditionally, chemists initiate a multihour reaction and 
periodically withdraw samples for analysis in an open access mass 
spectrometry lab. The remote analysis takes hours, decreasing the 
usefulness of the information and building workflow inefficiencies. 
Additionally, large numbers of normal phase purification fractions are 
generated and add to the central lab burden, further slowing vital feed- 
back. The combination of a small footprint, critical design features, and 
an intuitive software package permits operation within a fume hood or 
next to existing bench instrumentation, allowing users access to fast 
answers. 

Advion 

For info: 607-379-4565 | www.advion.com 
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best practices for 
overcoming skepticism 
post-Climategate. 


One more data point on why you should spend 
more time at membercentral.aaas.org. There you 
can enjoy webinars, videos, blogs, discounts, 
and downloads geared for people who prefer 


content based on empirical evidence. 


MN AAAS 


membercentral.aaas.org MEMBERCENTRAL 


¢ Proven Performance 
Used in 1000's of citations 


¢ More Biologically Relevant 
Low toxicity, less impact on biology 


¢ Simple Protocol 
No culture changes, less variability, 
compatible with serum 


FuGENE*® HD FuGENE* 6 


Proven performance from a trusted source. 


www. promega.com/gotfugene 


FUuGENE is a registered trademark of Fugent, L.L.C. USA 
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Science Careers 
Advertising 


For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


UNITED STATES & CANADA 


E-mail: advertise@sciencecareers.org 
Fax: 202-289-6742 


Tina Burks 

Midwest/West Coast/ 
South Central/Canada 
Phone: 202-326-6577 


Elizabeth Early 
East Coast & Corporate 
Phone: 202-326-6578 


Marci Gallun 
Sales Administrator 
Phone: 202-326-6582 


Online Job Posting Questions 
Phone: 202-312-6375 


EUROPE & REST OF WORLD 


E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223 326532 


Simone Jux 
Phone: +44 (0)1223 326529 


Lucy Nelson 
Phone: +44 (0)1223 326527 


Kelly Grace 
Phone: +44 (0) 1223 326528 


AAPAN 


Yuri Kobayashi 
Phone: +81-6-6627-9250 
E-mail: ykobayas@aaas.org 


CHINA & TAIWAN 


Ruolei Wu 
Phone: +86-1367-1015-294 
E-mail: rwu@aaas.org 


All ads submitted for publication must comply 
with applicable U.S. and non-U.S. laws. Science 
reserves the right to refuse any advertisement 
at its sole discretion for any reason, including 
without limitation for offensive language or 
inappropriate content, and all advertising is 
subject to publisher approval. Science encour- 
ages our readers to alert us to any ads that 
they feel may be discriminatory or offensive. 
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Professorships and Chair Professorships 
at Shaanxi Normal University, China 


SHAAN AD MORAL RV ERIT T 
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Founded in 1944 and located in The World-Famous Historical City — Xi’an, Shaanxi Normal University (SNNU) 
is one of the key institutions of higher learning directly affiliated to Ministry of Education and “211 Project 
University” in china. The university is seeking individuals with outstanding scientific credentials for Recruitment 
Program of Global Experts, Thousand Young Talents Program, Chang Jiang Scholars Program, Bai Ren Scholars 
Plan of Shaanxi Province and Qu Jiang Scholars Program of Shaanxi Normal University, which are designed 
for the recruitment at the level of professors, associate professors and chair professors, etc. 


Qualifications: Applicants are expected to have remarkable academic achievements and to demonstrate 
capacity in leading an academic team to keep a competitive edge in frontier areas. Successful candidates for 
the professorship will be expected to undertake full-time teaching and research in general, and those for the 
chair professorship to work part-time (two months minimum/year). 

Applicants of “Thousand Young Talents Program” should be under the age of 40, have obtained a doctoral 
degree in a world-renowned university, and have no less than three years of post-doctoral research experience. 
Applicants, who have obtained a doctoral degree in Mainland of China, should have no less than five years of 
overseas research experience after obtaining a doctoral degree. Special offers are granted to those who have 
made distinguished research achievements in their doctoral studies or in other areas. Successful candidates 
for“‘Thousand Young Talents Program” will be expected to undertake full-time teaching and research at 
SNNU. 

SNNU has a broad range of academic disciplines, positions are available in all the relevant areas below, Biology, 
Chemistry, Comercial Science, Communication, Computer Science and Technology, Economics, Education 
Science, Mathematics, Environmental Science and Engineering, History, Management, Materialogy, Physics, 
Psychology, Western Literature, etc. 


Salary and Housing Allowances: The university provides state-of-the-art research facilities and strong 
supporting staffs. Internationally competitive start-up support, salary and benefits will be offered according to 
qualifications and experience. Successful candidates of the specially listed programs will receive supplementary 
remuneration, including newly renovated office and laboratory spaces, and a highly collegial and interactive 
environment, as well as assistance on the establishment of a delicate research team. 


Application Documents: Applicants are expected to submit a CV with cover letter which is supported by such 
documents as photocopies of advanced degrees, and three recommendation letters among other things. 


You are welcome to click on the university website at http://rsc.snnu.edu.cn/zhaopin.asp for more 
information. Please direct your applications and inquiries to: Mrs. Wu Jinfeng or Mr.Yang Yuanzheng 
Email address: reb@snnu.edu.cn, Tel: 86-29-85310456, 86-29-85310455, Fax: 86-29-85310359 


Guangdong University of Technology (GDUT), Guangzhou, China, 
Invites Applications and Nominations for 
(1) Deans of Five Schools (2) “One-Hundred Talents” Chair Professors 


Guangdong University of Technology, located in Guangzhou, a beautiful city in southern China, is a key multi-disciplinary 
university of Guangdong Province with a history of over 50 years. Having the advantage of bordering on Hong Kong and 
being benefited by Guangdong’s prosperous economic development, the university’s research and competitive power have 
been remarkably improved. In order to realize the aim of leap-forward development, GDUT continuously implements 
the high-level talents search programs, including the Deans of five different schools and “One-Hundred Talents” Chair 
Professors. 


The “School Deans” Program 

The university plans to invite scholars, experts and entrepreneurs who are competent to build world class schools to work 
as deans of the following schools of the university: 

(1) School of Electromechanical Engineering 

(3) School of Chemical Engineering and Light Industry 
(5) School of Physics and Optoelectronic Engineering 


(2) School of Automation 
(4) School of Materials and Energy 


The “One-Hundred Talents” Program 

The university plans to invite scholars, experts and entrepreneurs to work as Chair Professors of the university. The candidates 
of the two programs should have obtained doctorate degrees in related fields and meet at least one of the following criteria: 
(1) Working as full-time professors in world class universities or research institutes; (2)Working as technological leaders 
and having experiences in organizing world-class technological projects; (3) Having obtained associate professor titles and 
having all-round knowledge of related key technologies or working in urgently needed fields; (4) Having great potential 
for success in relevant academic fields (for outstanding young scholars); (5) Having obtained intellectual property rights 
and having all-round knowledge of core technologies in related fields; (6) Having international experiences in setting 
up businesses and having all-round knowledge of related areas and the related international rules; (7) Working at senior 
positions in world well-known enterprises. 

For candidates who meet criteria (5), or (6), or (7), the university will work closely with the local enterprises to help fulfill 
the candidates’ academic and business ambitions by facilitating their innovative academic activities on campus and helping 
realize their entrepreneurial ideas in the “High-tech Business Incubating Park” of the university. 

We offer competitive compensation package and benefits for the qualified candidates. The annual compensation can be up 
to 1 million RMB ; the startup R&D funding can be up to 10 million RMB. The laboratory space will be provided. We also 
provide qualified candidates with subsidy housing (approximate 100M? temporary apartment), and for those who want to 
buy an apartment in Guangzhou, the university can offer a housing allowance up to 800,000 RMB. 


Interested and qualified individuals should provide a cover letter and a resume to: 
Ms. Zhiying Zeng Email: gdutyzzp@gdut.edu.cn Telephone: 86-20-39322509 Fax: 86-20-39322509 
More information can be found at the university website: www.gdut.edu.cn 
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At Queen's, we are building on 

our substantial reputation with a 
focussed and ambitious plan to 
create an internationally recognised 
School and Institute of Health 
Sciences that will have a global 
impact on medical, dental and 
biomedical research and education. 


The School's aim is to drive 
discovery, innovation, the 
development of novel targeted 
therapies and to create a unique 
fusion of clinical and basic science 
research, underpinned by clinical 
and scientific leaders of national 
and international repute. Over the 
last eighteen months our on-going 
campaign has already demonstrated 
success with the appointment of a 
significant number of international 
Chairs in a range of clinical and 
scientific disciplines and we have 
also recently launched a separate 
campaign to recruit up to 20 
clinical academic staff in a range 
of disciplines. 


To further support this vision we 
are now seeking to appoint up to 
15 outstanding and committed 
non-clinical academic staff at 


Discover a career for yourself at Queen's and visit 
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Belfast 


FROM DISCOVERY 
TO RECOVERY 


Step up your 


Queen's University 


Lecturer, Senior Lecturer, Reader/ 
Professor level who have the 
expertise, motivation and know-how 
to contribute to the development 

of a global School of Medicine, 
Dentistry and Biomedical Sciences. 
We are seeking candidates in the 
following disciplines but will also 
consider applicants in other scientific 
disciplines that align with the 
School's strategic priorities. 


SCHOOL OF 
Medicine, Dentistry and 
Biomedical Sciences 


RUSSELL 
INTERNATIONAL 
EXCELLENCE 
GROUP 


online @sciencecareers.org 
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; Cancer Genetics and Genomics 

i MI USC Senior Faculty Position 
HUPREAPHIS GPA ER EET ED NCI Designated Cancer Center 


The Hollings Cancer Center and The Medical 

University of South Carolina (MUSC) announce 
an exciting recruitment opportunity for faculty at the Associate Professor 
or Professor level to carry out independent research in Cancer Genetics or 
Genomics. Candidates should have a national reputation in studying cancer 
genetics or genomics, demonstrated ability to carry out translational and/or 
basic research, and a solid record of collaborative, peer-reviewed publications 
and research funding. Faculty will be located in state-of-the-art laboratories in 
a new building with outstanding resources and research support available. 


A National Cancer Institute designated cancer center, the Hollings Cancer 
Center has a strong culture of promoting basic and translational research. 
MUSC holds an NIH-funded Clinical and Translational Science Award. There 
are multiple complementary shared resources in place, including a Drug 
Discovery Screening Core, a Drug Metabolism and Clinical Pharmacology 
Core, Translational Research Laboratory, and a Proteomics facility. 


Located on the Atlantic coast of South Carolina, Charleston boasts one of the 
nation’s most historic and picturesque downtown areas, beautiful beaches, 
outstanding cuisine, and international cultural events such as the Spoleto 
Festival USA. 


Interested researchers should send their CV and a summary of future research 
plans to: 
Dr. Andrew Kraft or Dr. Stephen Ethier 
Hollings Cancer Center 
Medical University of South Carolina 
PO Box 250955 
Charleston, SC 29425 
campbetb@musc.edu 


And/or apply on-line at: 
www.jobs.musc.edu/applicants/Central? quickFind=189282 


MUSC is an Equal Opportunity Employer, promoting workplace diversity. 
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NORTHWESTERN 
UNIVERSITY 


The Department of Cell and Molecular Biology at the Feinberg School 
of Medicine, Northwestern University, seeks to recruit full-time tenure- 
track positions at the rank of Assistant Professor, Associate Professor, 
or Professor to conduct research in the areas of high resolution cellular 
imaging including optical and electron microscopy. Technical expertise 
can include single molecule detection, quantitative analysis of cellular 
dynamics and electron tomography. Scientific areas of interest to the 
Department include the structure and molecular dynamics of the cyto- 
skeleton, signal transduction, cell adhesion, nuclear architecture, and the 
development of novel biosensors. PhD or MD/PhD is required. Start date 
is open and salary will be commensurate with experience. 


Applications, including curriculum vitae, a statement of research interests, 
and three letters of recommendation should be sent electronically to the 
CMB Search Committee, care of cmbsearch@northwestern.edu. 


Dr. Vladimir Gelfand 
Professor, Department of Cell and Molecular Biology 
Northwestern University 
Feinberg School of Medicine 
Ward 8-140 
303 E. Chicago Avenue 
Chicago, IL 60611 


The Application Review process begins May 15, 2012 and the closing 
date is July 15, 2012. 


Northwestern University is an Affirmative Action/Equal Opportunity 
Employer. Hiring is contingent upon eligibility to work in the United 
States. Women and minorities are encouraged to apply. 


UCDAVIS 


TENURE TRACK POSITION — ASSISTANT PROFESSOR 
Energy Efficiency 
Department of Food Science and Technology 
and Energy Efficiency Center 


The Department of Food Science and Technology, in collaboration with the 
Energy Efficiency Center is seeking to fill a faculty position. We are interested 
in individuals who have or can establish a strong extramurally funded research 
program in an advanced contemporary area of energy efficiency in food process- 
ing. The areas of expertise we seek are in the broad area of food processing, and 
include physical chemistry, chemistry, biochemistry, or engineering, processing 
or microbiology used to investigate (i) minimizing water usage; (ii) decreasing 
energy usage; or (iii) applying technologies central to improving energy effi- 
ciency. Candidates are expected to have a PhD (or equivalent) and demonstrated 
ability in engineering, food processing, chemistry, biochemistry, food science 
or a related discipline. Postdoctoral experience is highly desirable. Selection 
will be based in part on a record of research publications in peer-reviewed 
journals, and the ability to obtain extramural funding. The specific research 
program will depend upon the expertise and interests of the candidate. The 
successful applicant will be expected to develop an independent, internation- 
ally recognized research, teach at the undergraduate and graduate level, and 
supervise graduate student research. 


Applicants should submit online at https://secure.caes.ucdavis.edu/ 
Recruitment a letter of application, curriculum vitae (including list of publica- 
tions), a statement of research, a separate statement describing teaching interests 
and background; reprints of three publications; academic transcripts and names, 
addresses including e-mail, and telephone numbers of three references. The 
position is open until filled; but to assure full consideration, completed online 
applications should be submitted no later than June 1, 2012, for a targeted start 
date of September 1, 2012. 


UC Davis is an Affirmative Action/Equal Employment Opportunity Employer 
and is dedicated to recruiting a diverse faculty community. We welcome all 
qualified applicants to apply, including women, minorities, individuals with 

disabilities and veterans. 
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KEEP AMERICA SAFE THROUGH SCIENCE AND TECHNOLOGY! 
Director, Chemical/Biological Defense Division 


The Department of Homeland Security seeks an Executive who influences 
and develops policy regarding chemical or biological programs, and 
countermeasures that protect against biological and chemical attacks for the 
position of Director, Chemical/Biological Defense Division (CBD). This 
is a Senior Executive Service (SES) position, located in the Science and 
Technology Directorate (S&T), in the Homeland Security Advanced Research 
Projects Agency (HSARPA). 


The CBD Director administers a $100M Research & Development (R&D) 
portfolio to provide novel solutions aimed towards protecting the country 
from a Weapons of Mass Destruction attack. The Director is responsible for 
the management and leadership of the Chemical and Biological program, 
stewardship of assigned resources, and execution of the Division’s programs 
including the cost, schedule, technical performance and deliverables 
associated with those programs. 


The successful candidate will creatively leverage resources and partnerships 
to develop the next-generation architecture for chemical and biological 
defense, including bio-surveillance, point-of-care diagnostics, and real-time 
detection. In close cooperation with the White House and Executive branch 
agencies, the Director actively shapes policies and plans for detection, 
response and mitigation from a chemical or biological attack. You will find 
additional qualifications and responsibilities at www.usajobs.gov. The 
vacancy announcement number is CHCO-12-016-DHS-645716. Submit your 
application by May 21, 2012. 


Technical Program Managers needed in all Disciplines! 


HSARPA is also seeking Program Managers and subject matter experts in the 
following areas of expertise: Cyber Security, Borders and Maritime Security, 
Explosives, Human Factors and Infrastructure Protection & Disaster Manage- 
ment. If interested in a career opportunity in one of these areas of expertise, 
please send your resume/qualifications to STExecutiveResource@dhs.gov. 


For more information about S&T can be found here: http://www.dhs.gov/ 
scienceandtechnology. 


ETH 


EidgenOssische Technische Hochschule Ziirich 
Swiss Federal Institute of Technology Zurich 


Professor of Multicellular Systems Bioengineering 


The Department of Biosystems Science and Engineering (www.bsse.ethz.ch) at ETH Zurich invites applications for the 
above-mentioned professorship. The Department is located in Basel, in the heart of the BioValley area, providing 
excellent opportunities for collaboration within this strong life science research community at the academic, clinical 
and industrial levels. Its main research focus is the understanding and engineering of biological systems for medical 

or chemical purposes, which generates numerous opportunities for interaction. Collaborations with the SystemsX.ch 
community (www.systemsx.ch), the Swiss initiative in Systems Biology, are encouraged. The educational goal of the 
Department is to teach at the undergraduate and graduate level by integrating expertise and knowledge from biologists, 
chemists, physicists, engineers, computer scientists and mathematicians along with industrial collaborators. 


The Department is looking for an outstanding candidate experimentally working on the biology and control of multi- 
cellular systems. He or she should have a strong background in molecular cell biology, genetics, tissue development and 
regeneration and be interested in molecular bioengineering, preferably with cells in a context of complex cell biological 
systems. The ideal candidate should have demonstrated success in obtaining support for independent research projects 
and a strong publication record reflecting innovative, interdisciplinary and collaborative approaches to identify and solve 
important problems of multicellular systems. The new professor will be expected to teach undergraduate level courses 
(German or English) and graduate level courses (English). 


Please apply online at www.facultyaffairs.ethz.ch. Your application should include your curriculum vitae, a list of publi- 
cations, and statements on future teaching and research activities. The letter of application should be addressed to the 
President of ETH Zurich, Prof. Dr. Ralph Eichler. The closing date for applications is 30 June 2012. ETH Zurich is an equal 
opportunity and affirmative action employer. In order to increase the number of women in leading academic positions, 
we specifically encourage women to apply. ETH Zurich is further responsive to the needs of dual career couples and 
qualifies as a family friendly employer. 


ETH 


EidgenOssische Technische Hochschule Ziirich 
Swiss Federal Institute of Technology Zurich 


Professor of Biological Systems Theory (Optimisation) 


The Department of Biosystems Science and Engineering (www.bsse.ethz.ch) at ETH Zurich invites applications for the 
above-mentioned professorship at the Associate or Full Professor level. The Department is located in Basel, in the heart of 
the BioValley area, providing excellent opportunities for collaboration within this strong life science research community 
at the academic, clinical, and pharmaceutical industry level. The new Professor is required to develop a strong and visible 
research programme in the area of optimisation for the analysis, design and control of biological systems. Research topics 
include, but are not limited to, mathematical and computational optimisation techniques for experimental design, model 
building, systems identification, and rational design of biological systems at multiple scales. 


The successful candidate holds a PhD in Mathematics, Engineering, Computer Science, or related disciplines and has an 
excellent track record in the theory of biological systems and the development of optimisation methods for the analysis 
and design of biological systems. The ideal applicant should have demonstrated success in obtaining support for 
independent research projects and a strong publication record reflecting innovative, interdisciplinary, and collaborative 
approaches to important problems in biology or medicine. Commitment to teaching and a demonstrated ability to lead a 
research group are required. The new Professor will be expected to teach undergraduate level courses (German or 
English) and graduate level courses (English). 


Please apply online at www.facultyaffairs.ethz.ch. Your application should include your curriculum vitae, a list of publi- 
cations, and statements on future teaching and research activities. The letter of application should be addressed to the 
President of ETH Zurich, Prof. Dr. Ralph Eichler. The closing date for applications is 30 June 2012. ETH Zurich is an equal 
opportunity and affirmative action employer. In order to increase the number of women in leading academic positions, 
we specifically encourage women to apply. ETH Zurich is further responsive to the needs of dual career couples and 
qualifies as a family friendly employer. 
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Biotech g Pharma 


Special Career Feature: June 8 
Reserve your ad by May 22 to guarantee space.* 


*Ads accepted until June 4 if space is still available. 


= Ce _ = 
Science ScClEnGe Sacicnear Science 


The industry landscape is constantly evolving. Mergers and acquisitions 
can mean big changes for companies and their employees. Science’s 
June 8 career feature examines the opportunities and challenges that 


come along with the merging of company cultures and workforces. E-mail: 
advertise@sciencecareers.org 


Whether you need to recruit technicians or a chief scientist, your 
Science sales representative can customize a solution for advertising 
in this issue that helps you benefit from: 


Or telephone us: 
US: 202-326-6582 


© 700,000 readers worldwide who rely on Science to keep them Europe/RoW: +44 (0) 1223 326500 
informed about industry changes and related career issues Japan: +81-6-6627-9250 

e Bonus distribution to the American Society for China/Korea/Singapore/Taiwan/ 
Microbiology Meeting in San Francisco, CA Thailand: +86-1367-1015-294 


e Bonus distribution to the BIO International 
Convention as well as the BIO Career Fair, 
in Boston, MA. 


For recruitment in science, 


there’s only one 


Produced by the Science/AAAS Custom Publishing Office 


Yolande OBADIA, Présidente 
Didier RAOULT, Directeur 
Membres Fondateurs: 
Assistance Publique-Hdépitaux 
de Marseille 


C.N.R.S. 


Etablissement Francais du 
Sang 


INSERM 
Institut Mérieux 
IRD 


Université de la Méditerranée, 
Aix-Marseille 2 


Partenaires: 


CERBA European Lab 

CHU de Montpellier 

CHU de Nice 

CHU Nimes 

Crédit Coopératif 
Consortium Médi-Handtrace 
EHESP 

GALDERMA 

I2a 

IRT Lyon 

Qiagen 

Sanofi 

Université de Montpellier 1 
Université de Montpellier 2 
Université de Sophia Antipolis 


University Hospital Institute 
For Infectious and Tropical Diseases 
Marseille, France 


MEOVTERRANEE 


SEEKING INVESTIGATORS i 
OFFERING STUDENT POSITIONS iM 
PROVIDING GRANTS 


The University Hospital Institute (IHU) “Méditerranée Infection” in Marseille is a 600-personnel 
medical institute (MD, PhD, pharmacists, biology researchers, engineers and technicians, and HCW) 
working on infectious diseases. It includes the largest diagnostic and research microbiology laboratory 
in France. Providing one of the largest genomic, transcriptomic and proteomic platform, it is one leader 
within the fields of microbiology, infectious diseases and emerging infections; it is also a key organ 
within the European surveillance network for imported infectious diseases. See additional information 
on www.ifr48.com 


1. Weare seeking three outstanding tenure-track investigators to work in the areas of TROPICAL 
PARASITOLOGY, MEDICAL MYCOLOGY and EPIDEMIOLOGY OF CHRONIC 
INFECTIOUS DISEASES (associated to full level professors). 4-year contracts will be signed 
with the possibility to integrate permanent positions within the IHU (involving both University 
and Hospital responsibilities). Zo apply please send a curriculum vitae, along with a bibliography 
and an outline of your proposed research program (no more than two pages) via email to didier. 
raoult@gmail.com. 

We are also providing 10 2-year POST-DOC positions and 10 3-year PHD positions for students. 
Applicants COMING FROM THE SOUTH are particularly welcome. Jo apply please connect 
to www.infectiopolesud.com, choose your topic and follow the instructions. 

The IHU is also providing GRANTS FOR SCIENTISTS with French tenure (IRD, INSERM, 
CNRS) in the field of infectious diseases to move and join us. Jo apply please send a curriculum 
vitae along with a covering letter to jean-louis.mege@univ-amu.fr. 
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UnNIVERSITT 


LIVERPC OL 


Faculty of Health and Life Sciences 
Institute of Translational Medicine 
Department of Cellular and Molecular Physiology 


Chair in Cellular and Molecular Physiology 
Salary Negotiable Job Ref: A-579288/S 


Senior Lecturer in Cellular and Molecular Physiology 
£48,247 - £59,304 pa Job Ref: A-579290/S 


Tenure-Track Fellowship 
£31,020 - £35,939 pa Job Ref: A-579406/S 


The University of Liverpool invites applications for 3 academic posts within the 
Department of Cellular And Molecular Physiology. You should have an outstanding track 
record of research in basic Cell Biology, Physiology or Computational Biology/ 
Informatics. We are particularly keen to recruit individuals who are able to complement 
existing research in: cell signalling, cell division, membrane trafficking, cytoskeletal 
dynamics, stem cell biology, cancer microenvironment, ageing/neurodegeneration and 
smooth muscle or vascular/cardiac physiology. An ability to form strong collaborative 
links with clinical research groups or industrial partners would also be desirable. 


klets 


Closing date for all posts: 18 May 2012 


For full details, or to request an application pack, visit 
www.liv.ac.uk/working/job_vacancies/ or e-mail jobs@liv.ac.uk 


Brought to you by the 


AAAS/Science Business Office 


Please quote job ref in all enquiries. Moy, 
t Stonewall a 
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online @sciencecareers.org 


Science Careers 


Get a Career Plan that Works. 


An exceptional career requires insightful planning and management. 
That’s where Science Careers comes in. From job search to career 
enhancement, Science Careers has the tools and resources to help 


you achieve your goals. Get yourself on the right track today and get a Fromthe journal Science PAYAAAS 


real career plan that works. Visit ScienceCareers.org. 


Science Careers 


ScienceCareers.org 


AAAS is here - 
promoting universal 
science literacy. 


In 1985, AAAS founded Project 2061 with 
the goal of helping all Americans become 
literate in science, mathematics, and 
technology. With its landmark publications 
Science for All Americans and Benchmarks 
for Science Literacy, Project 2061 set out 
recommendations for what all students 
should know and be able to do in science, 
mathematics, and technology by the time 
they graduate from high school. Today, many 
of the state standards in the United States 
have drawn their content from Project 2061. 


As a AAAS member, your dues help support 
Project 2061 as it works to improve science 
education. If you are not yet a member, join 
us. Together we can make a difference. 


To learn more, visit 
aaas.org/plusyou/project2061 


MVAAAS+U=A 


Royal Society 
Research Professorship 


The Royal Society's most prestigious senior 
funding scheme is now open for applications. The 
Royal Society Research Professorships provide 
long term support to world-class scientists, 
releasing them from teaching and administration 
to enable them to focus on research. 


The scheme provides a substantial contribution 
to salary, which can be supplemented at the 
discretion of the host organisation; a one-off 
start-up grant of up to £35,000; and research 
expenses of up to £16,000 per academic year. 
Funding is available for five years, with the 
opportunity for renewal for a further five years. 


These prestigious posts enable individuals of 
proven ability and achievement to undertake 
independent, original research at a UK institution. 
Former Research Professors include Presidents 
of the Royal Society and Nobel Laureates. 


Several Royal Society Research Professorships 
are available. The number of awards made will 
be determined by the quality of applications 
received. The Professorships may be awarded 
in any field across the natural sciences but the 
following are restricted to specific areas: 


e The Royal Society Wolfson Research 
Professorship in Physics or Chemistry 
at the interface with Biology 


e The Royal Society GSK Research Professorship 
in Molecular aspects of Medicine 


e The Royal Society Noreen Murray Research 
Professorship in Neurobiology 


The Professorships are available to scientists of 
any nationality and applications are particularly 
welcomed from scientists currently resident 
outside the UK. 


Closing date: 26 June 2012 


To find out more about this prestigious scheme 
visit: royalsociety.org/grants/schemes 
or email seniorfellowships@royalsociety.org 


(am THE ROYAL 
Registered Charity No 207043 KDC] S O C I E T Y 
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FACTS& FICTION 


Careers in Industry and Academia 


Trying to figure out the next step in your career? Join us for a roundtable 
discussion that will look at facts and fiction surrounding academic and 
industry career options for PhD-level scientists. Get some nuts and bolts 
advice on how to research career options, what questions to ask, and 
how to best prepare for various careers. 


e Do industry and academic careers require different skill sets? 
e Do industry jobs have better compensation? Less autonomy? 


e Do academic scientists have less work/life balance? 


For answers view our roundtable discussion for free at: 
ScienceCareers.org/webinar 


Science Careers 


From the journal Science m\ AAAS 


Produced by the Science/AAAS Business Office. 


Learn how current events 
are impacting your work. 


Science\nsider, the new policy blog from the journal Science, is your source 
for breaking news and instant analysis from the nexus of politics and science. 


Produced by an international team of science journalists, Sciencelnsider 
offers hard-hitting coverage on a range of issues including climate change, 
bioterrorism, research funding, and more. 


Before research happens at the bench, science policy is formulated in the 
halls of government. Make sure you understand how current events are 
impacting your work. Read Sciencelnsider today. 


www.Sciencelnsider.org 


Sciencelnsider 


Breaking news and analysis from the world of science policy 


online @sciencecareers.org 
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POSITIONS OPEN 
FACULTY POSITION IN PHYSIOLOGY 


The Department of Anatomy, Physiology and Phar- 
macology, within the College of Veterinary Medicine 
at Auburn University, invites applications for a full- 
time, 12-month, tenure-track position in physiology 
at the ASSISTANT /ASSOCIATE PROFESSOR 
level. Minimum qualifications include a Ph.D. in phys- 
iology or an allied field, postdoctoral experience, and 
excellent communication skills. Responsibilities in- 
clude teaching physiology in the veterinary curriculum 
and participation in graduate instruction. A D.V.M. 
(or equivalent), teaching experience, and research in- 
terests and skills that complement the Department 
and College are considered beneficial for this posi- 
tion. The successful candidate will be expected to de- 
velop an externally funded research program. The 
candidate selected for this position must be able to 
meet eligibility requirements to work in the United 
States at the time the appointment is scheduled to 
begin and to continue working legally for the pro- 
posed term of employment. Applicants should submit: 
(1) a letter describing their teaching philosophy and 
research goals, (2) curriculum vitae, and (3) names, 
mailing and e-mail addresses, and telephone numbers 
of three references to: Ms. Hattie Alvis, Department 
of Anatomy, Physiology and Pharmacology, 109 
Greene Hall, College of Veterinary Medicine, Auburn 
University, AL 36849, e-mail: alvishm@auburn.edu. 
Inquiries can be directed to Dr. Robert Kemppainen, 
Chairman, Search Committee: e-mail: kempprj@auburn. 
edu; telephone: 334-844-5403. Interested persons 
can also visit our website: http://www.vetmed.auburn. 
edu/employment. Review of applications will begin 
June 1, 2012 and continue until a candidate is recom- 
mended for hire. Auburn University is an Affirmative Action/ 
Equal Opportunity Employer. Women and minorities are encour- 
aged to apply. 


ASSOCIATE OR FULL PROFESSOR 
Department of Anesthesiology 
University of Florida 


The Department of Anesthesiology at the Uni- 
versity of Florida is recruiting for a prominent 
Ph.D. neuroscientist for a tenure or non-tenure- 
track Associate or Full Professor. Applicants should 
currently have significant federal funding, includ- 
ing being Principal Investigator on one or more 
NIH grants of the ROI, P or U series that com- 
ement existing clinical interests in chronic pain. 
ocus areas may include changes in ion channels 
leading to congenital analgesia, channel muta- 
ions resulting in extreme pain disorders, other 
ectrophysiological disorders, etc. Via these skill 
sets, the successful applicants will directly partic- 
ipate and foster neuro-related basic and clinical 
research, a strategic area of interest to the College 
of Medicine and University. In addition, the ap- 
plicant should be integrated into the national net- 
work of pain researchers studying these phenomena. 
The anticipated start date of this position is July 1, 
2012. Interested individuals should respond by 
April 29, 2012, please send your curriculum vitae to: 
Mary Ann Hoyt, Office Manager, Department 
of Anesthesiology, PO Box 100254, Gainesville 
FL 32610-0254 or to e-mail: mhoyt@anest.ufl. 
edu. An Equal Opportunity Institution. 


POSTDOCTORAL POSITION 
University of California, Berkeley 


Postdoctoral research training position in genetic 
and biochemical experimental approaches toward dis- 
covery of bacterial and mammalian cell interactions. 
Focus of research targets a diverse spectrum of obligate 
intracellular Chlamydia organisms, including their cel- 
lular and molecular mechanisms of infection of host 
cells and tissues. Candidates should send curriculum 
vitae to: Dr. R.S. Stephens, 1 Barker Hall, Univer- 
sity of California, Berkeley, CA 94720 or e-mail: 
rss@berkeley.edu. 


POSITIONS OPEN 


SENIOR RESEARCH SCIENTIST 
GrassRoots Biotechnology 
Plant Biology 


GrassRoots Biotechnology is seeking a highly mo- 
tivated Ph.D.-level plant biologist to join a research 
team developing the C4 monocot Setaria viridis as a 
model for expression element and agronomic trait dis- 
covery. Our expression element discovery program 
utilizes high resolution expression datasets and genome 
wide chromatin maps to identify regulatory elements 
for synthetic biology applications. Our trait discovery 
program integrates forward and reverse genetics to 
correlate genes with their biological functions for crop 
improvement. The successful applicant will have a Ph.D. 
in an appropriate discipline and 0-3 years of relevant 
postdoctoral experience. Expertise in monocot physiol- 
ogy, development, genomics, and/or genetics is a plus. 
GrassRoots is located in downtown Durham, North 
Carolina. We offer a vibrant scientific environment and 
a competitive compensation package. Candidates must 
be authorized to work in the U.S. To apply, please send 
curriculum vitae and names of three references to e-mail: 
careers@grassrootsbio.com. GrassRoots is an Equal Oppor- 
tunity Employer. 


BIOMEDICAL FACULTY POSITION 
University of Wisconsin-Madison 

The Department of Comparative Biosciences, School 
of Veterinary Medicine invites applications for a tenure- 
track faculty position (ASSISTANT, ASSOCIATE, 
FULL PROFESSOR). Qualifications include Ph.D. 
or equivalent, postdoctoral experience, ability to de- 
velop extramurally funded research program and com- 
mitment to excellent teaching. Research area is open, 
but preference given to neural, respiratory, develop- 
mental, or cancer biology. Teaching responsibilities 
based on expertise. Send curriculum vitae, brief state- 
ments of research interests and teaching philosophies, 
and three letters of reference to: Gordon S. Mitchell, 
Chair, Department of Comparative Biosciences, Uni- 
versity of Wisconsin, 2015 Linden Dr., Madison, 
WI, 53706. Apply by June 4, 2012. For additional in- 
formation, see website: http://www.vetmed.wisc. 
edu/cbs. Equal Opportunity/Affirmative Action Employer. 


POSTDOCTORAL FELLOW 


Two postdoctoral positions are available at NYU 
Langone Medical Center. Qualified applicants must 
hold an M.D. or Ph.D. and will investigate the roles 
of growth factor, cytokine, and metalloproteinase in 
regulating musculoskeletal development and disor- 
ders. Preference will be given to those who have expe- 
rience in inflammatory arthritis and other autoimmune 
diseases. Interested applicants should send a cover 
letter, CV, and three letters of recommendation to 
Dr. Chuanju Liu, e-mail: chuanju.liu@med.nyu.edu. 


Stop 
searching 
for a job; 
Start your 

career today. 
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www.ScienceCareers.org 


Nontraditional 
Careers: 


Opportunities 
Away From 
the Bench 


Webinar 


Want to learn more about exciting 
and rewarding careers outside of 
academic/industrial research? 
View a roundtable discussion that 
looks at the various career options 
open to scientists and strategies 
you can use to pursue a 
nonresearch career. 


Now Available 
On Demand 


www.sciencecareers.org/ 
webinar 


Produced by the 
Science/AAAS Business Office. 
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